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ABSTRACT 
T h i s  r e p o r t  p r e s e n t s  a  d e s c r i p t i o n  o f  t h e  a n a l y t i c a l  and e x p e r i m e n t a l  
p rocedures  used t o  d e t e r m i n e  t h e  performance o f  a l l  subsystems and models 
f o r  S o l a r  H a b i t a t  I .  It i n c l u d e s  a  d e s c r i p t i o n  o f  t h e  i n s t r u m e n t a t i o n  
necessa ry  f o r  e v a l u a t i n g  a l l  subsystems and models and t h e  c o r r e s p o n d i n g  
t e s t  methods used. Exper imen ta l  t e s t  d a t a  i s  p resen ted  and compared w i t h  
t h e  r e s u l  t s  based on p r e v i o u s l y  deve l  oped a n a l y t i c a l  model s  . 
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C H A P T E R  I 
INTRODUCTION 
- -. - - - 
1,1_ .. -- Background -- - 
S o l a r  H a b i t a t  I i s  l o c a t e d  on t o p  o f  Orchard H i l l  a t  t h e  U n i v e r s i t y  
o f  Massachusetts, Amherst Campus. The d w e l l i n g  was designed and con- 
s t r u c t e d  by Professor  C u r t i s  Johnson of t he  U n i v e r s i t y  o f  Massachusetts 
A g r i c u l t u r a l  Eng ineer ing  Department. The s t r u c t u r e  i s  a  32 f t  by 48 f t  
w e l l - i n s u l a t e d ,  p re fab r i ca ted  house. O r i g i n a l l y ,  t h e  des ign o f  S o l a r  
H a b i t a t  I was t o  be a  s i n g l e  s t o r y ,  o w  f a m i l y  home w i t h  no basement. 
I n  1975 a  group o f  p r o f e s s o r s  f rom t h e  lJMass Energy A l t e r n a t i v e s  Prograni 
began work ing w i t h  Pro fessor  Johnson t o  i n t e g r a t e  an a l t e r n a t i v e  h e a t i n g  
system i n t o  So la r  H a b i t a t  I .  I n  o r d e r  t o  i n c o r p o r a t e  and eva lua te  t h i s  
energy system, a  l a b o r a t o r y  aqd p r o v i s i o n  f o r  l a r g e  thermal energy s to rage  
were requ i red .  Thus, a  basement and f i v e  concre te  wate r  s to rage  tanks 
rang ing  f rom c a p a c i t i e s  o f  500 t o  3500 g a l l o n s  were added t o  t h e  S o l a r  
H a b i t a t  I s t r u c t u r e .  
The a l t e r n a t i v e  energy system under s tudy  a t  t h i s  l o c a t i o n ,  c a l l e d  
t h e  New England Wind Furnace (NEWF) i s  designed t o  supply  a  l a r g e  f r a c t i o n  
o f  t h e  res idence ' s  hea t i ng  l o a d  v i a  wind and/or  s o l a r  thermal energy i n p u t .  
As descr ibed i n  Reference 1, t h i s  p r o j e c t ,  under t h e  d i r e c t i o n  o f  
Pro fessor  W i l l i a m  E. Heronemus, has been sponsored p r i n c i p a l l y  by t h e  U.S. 
Na t iona l  Science Foundat ion (NSF) and t he  U.S. Energy Research and 
Development Admini s t r a t i o n  (ERDA) , a long  w i t h  severa l  p r i v a t e  donors. 
A b a s i c  goal of t h i s  p r o j e c t  was t h e  c o n s t r u c t i o n  and demonstrat ion o f  a  
32.5 f o o t  d iameter  wind t u r b i n e  g e n e r i r b r  (WTG). The WTG s p e c i f i c a l l y  
developed f o r  t h i s  p r o j e c t  ( 2 )  i s  a  t h r e e  bladed, v a r i a b l e  p i t c h ,  down 
wind machine r a t e d  a t  25 kW i n  a  26 mph windspeed. The energy produced 
fro111 t he  WTG i s  v a r i a b l e  vo l tage ,  v a r i a b l e  f requency e l e c t r i c i t y ,  and 
i s  u t i l i z e d  by e i t h e r  d i s s i p a t i n g  i t  through e l e c t r i c  baseboard con- 
vec to rs  o r  through immersion hea te rs  p laced  i n  a  wate r  s to rage  tank.  
I n  a d d i t i o n ,  So la r  H a b i t a t  I has 200 ft2 o f  v e r t i c a l  f l a t  p l a t e  s o l a r  
c o l l e c t o r s  as an energy source. The double g lazed c o l l e c t o r s  d e l i v e r  
thermal energy t o  t h e  s to rage  tank  v i a  a  smal l  hea t  exchanger. An 
a u x i l i a r y  hea t  source us ing  a  60,000 BTU/hr. propane f i r e d ,  f o r c e d  h o t  a i r  
furnace i s  a l s o  prov ided.  A d d i t i o n a l  d e t a i l s  concern ing t h e  des ign  o f  
t h e  h e a t i n g  system a r e  d iscussed i n  Reference 3. A  photograph o f  S o l a r  
H a b i t a t  I i s  shown i n  F igu re  1. A n a l y t i c a l  s t ud ies  o f  t h i s  system (1,4,5) 
p r e d i c t e d  t h a t  t h e  WTG combined w i t h  t h e  s o l a r  c o l l e c t o r s  w i l l  supp ly  80% 
o f  t h e  annual h e a t i n g  load .  
A f t e r  t h e  comple t ion  o f  t h e  h e a t i n g  system i n  August 1976, t h e  tasks  
of i ns t rumen ta t i on  and exper imenta l  t e s t i n g  o f  t h e  S o l a r  H a b i t a t  I system 
remained. I t  i s  t h e  purpose o f  t h i s  work t o  d iscuss  t h e  implementat ion 
of  these tasks,  t h e  exper imenta l  r e s u l t s ,  and how these  r e s u l t s  compare 
t o  those p red i c ted  f rom t h e  i n i t i a l  a n a l y t i c a l  model ing. 
1  .2 Ob jec t i ves  
The p r imary  o b j e c t i v e  o f  t h i s  p r o j e c t  was t o  conduct p r e l  i m i n a r y  
t e s t s  t o  eva lua te  t h e  performance o f  t h e  subsystems and compare these  
r e s u l t s  t o  a n a l y t i c a l  r e s u l t s .  Be fo re  t h i s  goal  c o u l d  be achieved, t h e r e  
was a  cons iderab le  amoijqt o f  p repa ra to r y  work t h a t  had t o  be accomplished. 
These tasks  i nc l uded  i n s t 3 l l a t i o n  and t e s t i n g  o f  t h e  i n s t r u m e n t a t i o n  needed 
t c  ;, ionitor t he  performance o f  t h e  o v e r a l l  systems and a1 1  subsystems, 
purchas i  ~g and i n s t a l  l a t i o n  of a  da ta  a c q u i s i t i o n  system which would 
-iriterface w i t h  t h e  UMass t ime-shar ing  computer system, and documentat ion 

o f  a l l  t e s t  methods t o  be used f o r  t h e  exper in ienta l  t e s t s .  A f t e r  these 
p repa ra t i ons  were completed, t h e  necessary t e s t s  were conducted and t he  
da ta  summarized us ing  a p p r o p r i a t e  data r e d u c t i o n  programs. The reduced 
da ta  c o u l d  then be compared t o  p rev ious  a n a l y t i c a l  work. 
C H A P T E R  I 1  
HEATING SYSTEM DESIGNS 
2.1 Desc r ip t i ve  Summary o f  Models 
The New England lJind Furnace concept i s  focused on the  use o f  a 
32.5 f o o t  diameter, ho r i zon ta l  ax i s  wind t u r b i n e  generator (WTG). The 
basic p r i n c i p l e  i s  t o  change the energy from t h e  wind i n t o  thermal 
energy. As mentioned e a r l i e r ,  the  wind energy i s  f i r s t  changed t o  
va r iab le  frequency, v a r i a b l e  vo l tage e l e c t r i c i t y .  This e l e c t r i c a l  energy 
i s  changed t o  thermal energy by d i s s i p a t i n g  the  e l e c t r i c i t y  through 
e l e c t r i c  baseboard convectors o r  immersion heaters placed i n  l a r g e  water 
storage tanks. Future designs are  proposed where the  wind energy i s  
changed d i r e c t l y  t o  thermal energy by means o f  a mechanical churn, thus 
e l i m i n a t i n g  the  c r e a t i o n  o f  e l e c t r i c i t y .  A p l o t  o f  t he  heat ing  demand 
f o r  an "Average" New England home showing the  a v a i l a b l e  s o l a r  energy f o r  
2 200 f t  o f  v e r t i c a l  surface, and the  amount o f  energy which can be pro- 
duced from a 32.5 ft diameter WTG using Bradley F i e l d  (Har t fo rd ,  Conn.) 
wind data as a f u n c t i o n  o f  t he  t ime o f  year  i s  i l l u s t r a t e d  i n  F igure 2 
( 1  4 )  From t h i s  graph i t  can be seen t h a t  the  p o t e n t i a l  energy which 
can be captured from the  wind and sun i s  l a r g e  enough t o  pursue f u r t h e r  
i n v e s t i g a t i o n  o f  the  Wind Furnace concept. To determine how t h i s  con- 
cep t  can be u t i l i z e d  i n  the  most e f f e c t i v e  manner, several  hea t ing  system 
con f igu ra t i ons  have been proposed. Four o f  these models, each i n s t a l l e d  
i n  Solar  Hab i ta t  I ( 3 )  a re  described i n  the  succeeding paragraphs. 
2.1.1 Model 1A. I n  Model 1A (F igure  3) the e l e c t r i c i t y  
generated from the WTG i s  fed  t o  a load c o n t r o l l e r  i n  t h e  basement o f  


S o l a r  H a b i t a t  I. When t h e r e  i s  a  demand f o r  h e a t i n g  and wind energy i s  
a v a i l a b l e ,  t h e  e l c t r i c i t y  f rom t h e  WTG i s  d i s s i p a t e d  through e l e c t r i c  
baseboard convectors  l o c a t e d  i n  t h e  basement and main f l o o r  of So la r  
H a b i t a t  I. I n  a  s i t u a t i o n  where t h e r e  i s  a  demand f o r  h e a t i n g  b u t  no w ind  
energy a v a i l a b l e ,  t h e  a u x i l i a r y  h o t  a i r  fu rnace  i s  used t o  supply  t h e  
h e a t i n g  needs. I f  t h e r e  i s  no h e a t i n g  demand, t h e  wind energy i s  l o s t  as 
t h e  c e n t r a l  l o g i c  system fea the rs  t h e  wind t u r b i n e ' s  blades. From ana- 
l y t i c a l  s t ud ies ,  t h e  "Average" New England home (17,000 BTUI°F day) 
which i nco rpo ra tes  Model 1A f o r  hea t i ng  and has a  wind regime s i m i l a r  t o  
Brad ley  F i e l d  wind da ta  w i l l  be s u p p l i e d  w i t h  approx imate ly  33% of i t s  
h e a t i n g  (1 ) .  From exper imenta l  and a n a l y t i c a l  work ( t o  be d iscussed l a t e r )  
i t  was es t imated  t h a t  t h e  h e a t i n g  l o a d  o f  S o l a r  H a b i t a t  I i s  8,000 BTU/"F 
day. Wi th  t h i s  h e a t i n g  load,  a n a l y t i c a l  model ing p r e d i c t s  t h a t  54% o f  
t h e  l o a d  would be s u p p l i e d  by Model 1A. 
2.1.2 Model 2. Th i s  model (F i gu re  4) i nco rpo ra tes  a  s to rage  
medium i n t o  t h e  wind system. I n  t h i s  model, t h e  e l e c t r i c i t y  produced 
f rom t h e  wind i s  d i s s i p a t e d  through immersion hea te rs  which a r e  i n  l a r g e  
wate r  s to rage  tanks. The s i z e  of t h e  s to rage  tanks can vary  f rom 500-3500 
gal  l ons .  If t h e r e  i s  a  demand f o r  hea t i ng  and thermal energy i s  a v a i l -  
a b l e  i n  t h e  s to rage  tanks, wa te r  i s  pumped from t h e  s to rage  tanks 
through baseboard convectors .  I f  t h e  energy i n  t he  s to rage  tanks  i s  n o t  
g r e a t  enough t o  supp ly  t he  h e a t i n g  demand, t h e  a u x i l i a r y  h o t  a i r  fu rnace  
i s  used t o  supp ly  the  demand. The a n a l y t i c a l  s t u d i e s  p r e d i c t  t h a t  w i t h  
t h i s  system, 70% of t h e  h e a t i n g  l o a d  w i l l  be supp l i ed  f o r  t h e  "Average" 
New England home (17,000 BTU/"F day) and 100% w i l l  be s u p p l i e d  f o r  S o l a r  
H a b i t a t  I (8,000 BTU/"F day).  

2.1.3 Model 3A. This model (F igure  5) u t i l i z e d  both  wind 
and s o l a r  energy. The energy from the s o l a r  c o l l e c t o r s  i s  t r a n s f e r r e d  t o  
a  l a rge  thermal system v i a  a  heat  exchanger. I n  the same tank the  energy 
from the  WTG i s  d i ss ipa ted  through immersion heaters.  When the re  i s  a  
heat ing  demand, the  energy i n  the  storage tanks i s  then d i s t r i b u t e d  t o  
So lar  H a b i t a t  I. I f  there  i s  n o t  s u f f i c i e n t  energy i n  the  storage tank 
t o  meet the  heat ing  demand, t he  a u x i l i a r y  h o t  a i r  furnace i s  u t i l i z e d .  
The a n a l y t i c a l  s tud ies  p r e d i c t  t h a t  w i t h  t h i s  model, 80% o f  the  heat ing  
demand w i  11 be suppl i e d  f o r  the  "Average" New England home (17,000 BTU/OF 
day) and 100% f o r  So la r  H a b i t a t  I (8,000 BTU/"F day). 
2.1.4 Model 38. I n  Model 38 (F igure  6 )  the  energy from the  
f l a t  p l a t e  s o l a r  c o l l e c t o r s  i s  s to red  i n  water storage tank I, and the  
wind energy i s  d i ss ipa ted  i n t o  water s torage tank 11. When the re  i s  a  
heat ing  demand, the  energy from storage tank I i s  then d i s t r i b u t e d  t o  
So lar  H a b i t a t  I by baseboard convectors. I f  the  temperature o f  storage 
tank I fa1 1s below a  f i x e d  l e v e l ,  storage tank I 1  w i l l  then be used f o r  
heat ing.  I f  both tank I and tank I 1  together  do n o t  supply s u f f i c i e n t  
energy t o  meet the demand, the  auxi  1  i a r y  h o t  a i r  furnace w i  11 be used t o  
supply the  needed energy. A n a l y t i c a l  r e s u l t s  p r e d i c t  t h a t  approximately 
80% o f  the  t o t a l  heat ing  load w i l l  be supp l ied  t o  an "Average" s i z e  
r e s i d e n t i a l  home (17,000 BTU/"F day) and 100% w i l l  be supp l ied  t o  So la r  
H a b i t a t  I (8,000 BTU/"F day).  
2.2 Subsystem Desc r ip t i on  and A n a l y t i c a l  Model i n g  
I n  o rder  t o  b e t t e r  evaluate the  performance o f  t he  p rev ious l y  
discussed models, i t  i s  essen t i a l  t o  f i r s t  determine the  performance o f  
each subsystem involved.  These subsystems inc lude  the  p i p i n g  system, 
Water Baseboard 
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F i g u r e  5 .  Model 3A - Wind T u r b i n e  Generator  and S o l a r  C o l l e c t o r s  w i t h  
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Figure  6. Model 38 - Wind Turb ine  Generator and So la r  C o l l e c t o r s  w i t h  
Separate Storage and Baseboard Convectors 
the storage tanks, the so la r  co l lec tors ,  the heat exchanger, the baseboard 
convectors, the w i n d  turbine generator (WTG) , the hot a i r  heater,  and 
the residence i t s e l f ,  Solar Habitat I .  A description of each of the  sub- 
sys terns and the analytical  work previously conducted to  predict t he i r  
operation i s  provided be1 ow. 
2.2.1 Piping. The piping subsystem includes a l l  of the pumps, 
--- 
flow meters, and pressure gauges necessary fo r  the so la r  col lector  loop 
and the baseboard convectors. (Note: The so la r  col lector  loop i s  defined 
as the combination of the so la r  col lectors ,  the heat exchanger, and the 
storage tank. ) Five pumps are  u t i l i zed  in t h i s  subsystem: three a re  used 
for  the baseboard convector loops, one i s  used to  pump a propylene-glycol 
water mixture through the co l lec tors ,  and one i s  used to  pump water from 
the storage tank through the heat exchanger in the so l a r  col lector  loop. 
Five flow 111eters are u t i l i zed :  three in the baseboard convector loops, 
one t o  measure the flow ra te  through the co l lec tors ,  and one to  measure 
the flow ra te  through the tank s ide of the heat exchanger. Six pressure 
gauges are located a t  various positions in the so l a r  col lector  loop. 
These are essen t ia l ly  ins ta l led  t o  monitor information from the col lector  
loop and  to  help evaluate any problems i n  the system. More de t a i l s  on 
the piping subsystem can be found in Reference 3.  
2 . 2 . 2  Storage Tank. There are f ive  concrete storage tanks i n  
- - 
the basement of Solar Habitat I .  They include a 500 gallon storage tank, 
two 1000 gallon storage tanks, a 2000 gallon storage tank, and a 3500 
gallon storage tank. For more de t a i l s  on the construction specifications 
of the storage tanks, see Reference 3. To date ,  only one of the 1000 
gallon storage tanks has been fu l ly  insulated and cal ibrated.  Details 
of the insulation used f o r  th i s  storage tank are  shown in Figure 7 .  The 

amount o f  water  t h i s  tank can ho ld  i f  f i l l e d  t o  t h e  t o p  exceeds 1000 
g a l l o n s  o f  water ,  and t o  r i i inini ize t h e  t a n k ' s  hea t  l oss  per  g a l l o n  o f  water ,  
t h e  tankwas f i l l e d  t o  t h e  t op .  T h i s  increased t h e  c a p a c i t y  o f  t h e  tank 
t o  approx imate ly  1700 g a l l o n s  and decreased t h e  hea t  l o s s  pe r  g a l l o n  o f  
water  by an est imated 32%. 
The i n i t i a l  a n a l y t i c a l  model ing o f  t h e  tank was ob ta ined  f rom us ing  
a s imp le  one dimensional  hea t  t r a n s f e r  model. I n  t h e  computer s i m u l a t i o n  
o f  t he  s o l a r  house (4 ) ,  t h e  tank losses  were c a l c u l a t e d  accordirrg t o  t h e  
f o l l o w i n g  equat ion  
where 
ot = Rate o f  hea t  t r a n s f e r  f rom t h e  tank 
AS = Sur face area o f  tank 
Ut = Ove ra l l  hea t  t r a n s f e r  c o e f f i c i e n t  o f  t h e  tank 
TS = Temperature of t h e  water  i n  t h e  s to rage  tank  
Ta = Ambient basement temperature (65°F) 
See Appendix A f o r  c a l c u l a t i o n  o f  As and Ut. A f t e r  numer ica l  s u b s t i t u t i o n  
Equat ion (1 )  can be w r i t t e n  as 
I t  shou ld  be noted t h a t  t h i s  i n i t i a l  a n a l y s i s  assumed t h e  ambient 
temperature around t h e  s to rage  tank  i s  65"F, t h e  tank temperature i s  u n i -  
form, t h e  hea t  t r a n s f e r  i s  one-dimensional, t h e  i n s u l a t i o n  around t h e  
tank  has t he  same r e s i s t a n c e  value, and t h e  su r f ace  area o f  t h e  tank  i s  
equal t o  t h e  sur face area needed t o  fill a cub i c  tank  t o  1000 ga l l ons .  
I n  o rder  t o  improve the  accuracy o f  t h e  a n a l y t i c a l  model f o r  t he  
storage tanks, t h e  f o l  lowing \ lore d e t a i l e d  model was formulated. Apply ing 
one dimensional heat t r a n s f e r  approxiniations f o r  separate pa r t s  of  t he  
tank, the  t o t a l  heat  l oss  from the  tank can be expressed by: 
where the  subscr ip ts  W, E, S ,  N, T, B = west, east,  south, nor th,  top, 
and bottom sides respec t i ve l y ,  
and 
U = Overal l  heat  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  respec t i ve  s ides 
A = Area o f  t h e  respec t i ve  s ides 
Tb = Temperature o f  t he  ground below t h e  tank (assumed a t  55OF) 
T  = Average temperature o f  t h e  ground on south w a l l  which i s  9  
assumed t o  be avg ambient temp + 55°F 2 
Appendix A inc ludes d e t a i l s  o f  t h e  numerical ca l cu la t i ons  f o r  t h i s  model. 
A f t e r  subs t i t u t i on , the  governing a n a l y t i c a l  equat ion reduces t o :  
A p l o t  o f  the  r a t e  o f  heat  t r a n s f e r  f o r  both a n a l y t i c a l  models as a  
f u n c t i o n  o f  temperature w i t h i n  the  storage tank i s  shown i n  F igure  8. 
As can be seen from Figure 8, t he  improved model p r e d i c t s  a  h igher  
r a t e  o f  heat  t r a n s f e r  than previous a n a l y t i c a l  work. Th is  i s  due t o  t h e  
i n c l u s i o n  i n  t he  ana lys i s  o f  t he  ac tua l  dimension o f  the  tank, t he  ac tua l  
o v e r a l l  heat t r a n s f e r  coef f i c ien ts ,and an es t ima t ion  o f  t he  ground temper- 
atures surrounding the  tank. 
Ambie~i t  Temp 6 5 ' ~  
Average Tank Temperature (TS) ,  OF 
F i gu re  8. P red i c ted  Heat Loss Rate f rom t h e  
Storage Tank 
T o  bett ,er eva lua te  t h e  s torage t.arik subsys te~~ l  an cst i rnate o f  t h e  
p o r t i o n  of t h e r r ~ ~ a l  energy l o s t  fro111 t h e  s to rage tc1nk t o  t he  ground was 
des i red.  Th is  va lue  was est imated t o  be t h e  SUIII o f  t he  o v e r a l l  heat  
t r a n s f e r  c o e f f i c i e n t s  o f  t h e  w a l l s  exposed t o  t h e  ea r th ,  US + UBy d i v i d e d  
by t h e  o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  e n t i r e  tank.  From t h e  
more d e t a i l e d  model t h e  o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  e n t i r e  
tank i s  t h e  s lope  o f  t h e  curve i n  F igure  8  o r  14.43 BTU/hr O F .  Us ing t h i s  
approach, t h e  r e s u l t s  ob ta ined  p r e d i c t  t h a t  29% o f  t h e  heat  t r a n s f e r r e d  
f rom the  tank i s  l o s t  t o  t h e  ground. 
2.2.3 So la r  C o l l e c t o r s .  A  schematic o f  t h e  s o l a r  c o l l e c t o r  
l oop  i s  shown i n  F igu re  9. The s o l a r  c o l l e c t o r  system f o r  So la r  H a b i t a t  I 
2  cons i s t s  o f  200 f t  o f  v e r t i c a l  f l a t  p l a t e  c o l l e c t o r s .  These c o l l e c t o r s  
have a  b lack  copper absorber  p l a t e  w i t h  a  double g l a z i n g  system (1/8 i n  
water  wh i t e  tempered g lass  and one l a y e r  o f  Ted la r ) .  The c o l l e c t o r  sys- 
tem i s  a  c losed loop  w i t h  t h e  heat  t r a n s f e r  f l u i d  be ing  a  60/40 m i x t u r e  
o f  p ropy lene-g lyco l  and water .  The energy ob ta ined  from t h e  sun i s  then  
t r a n s f e r r e d  t o  t h e  s to rage medium v i a  a  heat  exchanger. 
The a n a l y t i c a l  model ing of t h e  c o l l e c t o r s  i s  e s s e n t i a l l y  based on t h e  
method presented i n  D u f f i e  and Beckman ( 6 ) .  The o v e r a l l  hea t  t r a n s f e r  
c o e f f i c i e n t  throughout  t h e  cover  system, Ucc, was c a l c u l a t e d  by t h e  method 
o f  Whil l i e r  ( 7 )  f o r  a  g lass  and Ted la r  cover  system. A  l i s t i n g  o f  t h e  
computer model c a l l e d  "Dixon 1" i s  i n  Appendix B. Three d i f f e r e n t  p l o t s  of 
e f f i c i e n c i e s  generated by t h e  model w i t h  v a r y i n g  ambient temperatures a r e  
shown i n  F igu re  10. 'The s lope  o f  these curves i s  FIU1, where F 1  i s  t h e  
c o l l e c t o r  e f f i c i e n c y  f a c t o r  and U1 i s  t h e  o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  
f rom t h e  absorber p l a t e  t o  t h e  ambient a i r .  As can be seen, t h e  s lope  of 
these curves i s  s l i g h t l y  dependent on t h e  ambient temperature. The o t h e r  
Storage Tank 
So la r  C o l l e c t o r s  
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F igu re  10. A n a l y t i c a l  Performance o f  S o l a r  
H a b i t a t  1 ' s  Col l e c t o r s  
c o l l e c t o r  var iables,  which are  f l o w  r a t e  and i n s u l a t i o n  ra te ,  do n o t  
appreciably d f f e o t  the  slope o f  these curves. More d e t a i l s  on the  
model i n g  and desc r ip t i on  o f  the  s o l a r  syste111 can be found i n  References 
( 4 )  and ( 8 ) .  
2.2.4 Heat Exchanqer. The heat exchanger used i n  the  s o l a r  
c o l l e c t o r  loop i n  F igure 9  i s  a  s h e l l  and tube, two pass heat exchanger. 
The heat exchanger i s  ra ted  f o r  f low ra tes  (water) o f  2.4 gpm-19 gpm on 
the  s h e l l  s i d e  ( c o l l e c t o r  s ide )  and 4.5 gpm-31 gpm on the  tube s i d e  ( tank  
s i d e ) .  The design f l ow  ra tes  f o r  the  heat exchanger were 2 gpm-4.5 gpm 
on the  s h e l l  s ide  and 16 gpm-25 gpm on the tube s ide .  
The a n a l y t i c a l  model f o r  t h i s  heat exchanger was done using ' t h e  
general effect iveness re la t ionsh- i  p  ( f o r  a  2-pass heat exchanger) o f  
- Kraus and Kern ( 9 ) .  Based cm an o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t ,  Uo - 
2  300 BTU/hrft O F  (10,11), t h e  e f fec t iveness as a  f u n c t i o n  of the  s h e l l  
s i d e  f l o w  r a t e  can be determined f o r  s p e c i f i e d  tube s ide  f l ow  ra tes .  
F igure 11 i l l u s t r a t e s  the  pred ic ted heat exchanger e f fec t iveness as a  
funct ion o f  s h e l l  s ide  f l ow  r a t e  f o r  a  tube s i d e  f l o w  r a t e  o f  18 gpm (8).  
2.2.5 Baseboard Convectors. A t o t a l  o f  f i f t y  l i n e a r  f e e t  o f  
baseboard convectors i s  i n s t a l l e d  i n  th ree  loops (each w i t h  separate 
c i r c u l a t o r  pumps) i n  Solar  Hab i ta t  I .  Each 1  i n e a r  f o o t  o f  convector i s  
comprised o f  two p a r a l l e l  f l ow  elements. Hot water from the  s'torage 
tank enters one element and re tu rns  t o  the  storage tank through the  o the r  
element. Two o f  the convector loops are  on the  main f l o o r :  one placed 
i n  the l i v i n g  area, which has a  length  o f  16 l i n e a r  fee t ,  and the  o t h e r  
placed i n  the  k i tchen,  bedroom, and bathroom areas, w i t h  a  t o t a l  l eng th  
o f  18 l i n e a r  fee t .  The t h i r d  loop i s  located i n  the  basement and has a  
l eng th  o f  16 l i n e a r  fee t .  Reference 3 conta ins more d e t a i l s  o f  the  
She l l  Side Flow Rate - gpm 
F igure  11. Pred ic ted  E f fec t i veness  o f  Heat 
Exchanger 
baseboard convector  syste~n.  
S p e c i f i c a t i o n s  fro111 t h e  manufacturer  i n d i c a t e d  t h a t  t h e  normal 
o p e r a t i n g  range of an average water  temperature t o  t h e  convectors  i s  
between 160 - 220°F w i t h  a  f l ow  r a t e  o f  1  gpm. For So la r  H a b i t a t  I ,  
t h e  ope ra t i ng  range o f  t h e  average wate r  temperature t o  t h e  baseboard 
convectors  i s  expected t o  be between 80 - 190°F. Thus, t h e  es t ima ted  
performance o f  t h e  convectors  i n  S o l a r  H a b i t a t  I had t o  be e x t r a p o l a t e d  
froni  t h e  d e a l e r  s p e c i f i c a t i o n s .  An o v e r a l l  thermal  conductance o f  1.43 
2 BTU/hr f t  " F  f o r  t h e  convec to r  was es t imated  f rom the  manu fac tu re r ' s  
s p e c i f i c a t i o n  (1 2 ) .  Assuming t h a t  t h e  o u t s i d e  heat  t r a n s f e r  c o e f f i c i e n t  
dominates t he  va lue  f o r  t h e  c o e f f i c i e n t  o f  heat  t r a n s f e r ,  t h e  f o l l o w i n g  
approx imat ion  appl  i e s  (1 3 )  
where 
Uc = Ove ra l l  heat  t r a n s f e r  c o e f f i c i e n t  o f  t h e  baseboard 
convectors  
AT, = temperature d i f f e r e n c e  between t h e  f l u i d  temperature 
and t h e  ambient temperature (65OF) 
From Equat ion 5 t h e  performance curve o f  a  one element convec to r  can be 
c a l c u l a t e d .  A lso,  f o r  t h e  double element c o n f i g u r a t i o n ,  t h e  manufacturer  
s p e c i f i e d  t h a t  t h e  r a t e  o f  hea t  t r a n s f e r  pe r  f o o t  o f  convec to r  i s  o n l y  
1 .3  t imes as g r e a t  as t h a t  o f  t h e  s i n g l e  element c o n f i g u r a t i o n  (14) .  A 
summary o f  t h e  p r e d i c t e d  performance o f  t h e  double element baseboard 
convectors, ( t h e  r a t e s  o f  hea t  t r a n s f e r  p e r  l i n e a r  f o o t  o f  convec to r  as a 
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Figure 1 2 .  Predicted Performance of Baseboard 
Convectors 
2.2.6 Wind Turbine Generator. The wind t u r b i n e  generator i s  
- . - - - - - - - . - - - - . - - - - - -  -- - - 
the  main co~r~ponent o f  the  New England Wind Furnace concept. I t  has a  
diameter o f  32.5 f t  w i t h  th ree near optimum shaped blades f o r  maximum 
performance. The machine i s  o f  the  downwind type and, a t  So lar  Hab i ta t  1  
i s  placed atop a  60 f t  guyed s t e e l  tower. This p a r t i c u l a r  WTG i s  ra ted  
a t  25 kW i n  a  26.1 mph windspeed and has v a r i a b l e  p i t c h  and va r iab le  
generator e x c i t a t i o n  t o  opt imize the  power output  f o r  a  g iven windspeed. 
The a n a l y t i c a l l y  p red ic ted power output  o f  the  WTG i s  summarized i n  
F igure 13 which i l l u s t r a t e s  the  t h e o r e t i c a l  maximum power output  from a  
WTG and the  pred ic ted power output  as a  f u n c t i o n  o f  windspeed. (For  more 
d e t a i l s  on the  d e s c r i p t i o n  o f  t h i s  UTG and the  a n a l y t i c a l  modeling, see 
Reference 2. ) 
2.2.7 A u x i l i a r y  Hot A i r  Heater. The a u x i l i a r y  heat ing  system 
cons is t s  o f  a  60,000 BTU/hr fo rced h o t  a i r  propane furnace. This furnace 
i s  u t i l i z e d  when there  i s  ne i the r  s u f f i c i e n t  s o l a r  nor  wind energy a v a i l a b l e  
t o  supply the  heat ing demand. When the re  i s  an energy demand,the aux- 
i l i a r y  system forces h o t  a i r  i n t o  the  basement. The h o t  a i r  then r i s e s  t o  
the  main f l o o r  through a  one inch  opening around the  per imeter  o f  
So lar  Hab i ta t  I. I n  the  a n a l y t i c a l  modeling the  e f f i c i e n c y  o f  the  ho t  
a i r  furnace was assumed t o  be 70% (4 ) .  
2.2.8 Solar  Hab i ta t  I. Solar  Hab i ta t  I i s  a  32 ft by 48 ft, 
w e l l  insu la ted,  p re fab r i ca ted  s t ruc tu re .  As ca l cu la ted  i n  Reference 4, 
the  roo f ,  wa l ls ,  windows, doors and the  basement o f  Solar  Hab i ta t  I have 
o v e r a l l  heat t r a n s f e r  coe f f i c i en ts  of .0192, .034, .062, .040 and .060 
2 BTU/hrft OF, respec t i ve l y .  F igure 14 g ives d e t a i l s  on the  types o f  
i n s u l a t i o n  used i n  the  house cons t ruc t i on  (15).  I n  a d d i t i o n  t o  extensive 
32.5 f t  diameter WTG 
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Figure 13. Comparison o f  the  Theore t ica l  Maximum and 
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F igu re  14. C o n s t r ~ ~ c t i o n  Design o f  So la r  H a b i t a t  I 
use o f  i n s u l a t i o n ,  the  window c o n s t r u c t i o n  used i n  So la r  H a b i t a t  I i s  
unique. The windows a re  perii~arient f i x t u r e  designed w i t h  f o u r  panes of  
g lass .  These windows a r e  designed t o  p rov ide  v e n t i l a t i o n  f o r  S o l a r  
H a b i t a t  I and t o  min imize t h e  heat l o s s  through t h e  windows. F igu re  15 
g ives a  d e s c r i p t i o n  and i l l u s t r a t i o n  o f  t h e  window c o n s t r u c t i o n  and ven- 
t i l a t i o n  system. The des ign o f  So la r  H a b i t a t  I c o n s t i t u t e s  a  very t i g h t  
house w i t h  most o f  t h e  i n f i l t r a t i o n  c o n t r o l l e d  by a  f o r ced  exhaust v e n t i l a t i o n  
system, which blows a i r  o u t  o f  t h e  basement, caus ing a i r  t o  be drawn i n  
through the  windows as shown i n  F igu re  15. 
A1 1  a n a l y t i c a l  models o f  So la r  H a b i t a t  I were done accord ing  t o  ASHRAE 
standards ( 1  5 ) .  (Reference 4 g ives  t h e  d e t a i  1  s  o f  t h e  exac t  model i ng o f  
So la r  H a b i t a t  I. ) Inc luded as model i n p u t s  were t he  i n s u l a t i n g  p r o p e r t i e s  
of t he  m a t e r i a l s  used i n  cons t ruc t i on ,  t he  amount o f  s o l a r  energy gained 
through the  windows, and the  a i r  i n f i l t r a t i o n  r a t e .  D e t a i l e d  c a l c u l a t i o n s  
showed t h a t  t he  hea t i ng  l o a d  o f  So la r  H a b i t a t  I was a  s t r o n g  f u n c t i o n  of t h e  
i n f i l  t r a t i o n  r a t e .  Other researchers (1 7, 18) have a l s o  r e c e n t l y  shown 
the  importance o f  i n f i l t r a t i o n  r a t e s  on r e s i d e n t i a l  hea t i ng  loads.  I f  an 
i n f i l t r a t i o n  r a t e  o f  1  a i r  changelhour i s  assumed, t he  p r e d i c t e d  h e a t i n g  
l oad  o f  So la r  H a b i t a t  I i s  17,000 BTU1s/"F day. By va ry ing  t he  i n f i l t r a t i o n  
r a t e  i n  t h e  a n a l y t i c a l  modeling, t h e  hea t i ng  l o a d  o f  So la r  H a b i t a t  I f o r  
var ious  i n f i l t r a t i o n  r a t e s  can be determined as i s  shown i n  F igure  16. 
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F igu re  16. Heat ing  Demand o f  S o l a r  H a b i t a t  I as a  
Func t ion  o f  t h e  I n f i l t r a t i o n  Rate 
C H A P T E R  I11  
EXPERIMENTAL TEST PROCEDURES 
I n  order  t o  determine how e f f e c t i v e l y  So la r  H a b i t a t  I u t i l i z e d  
s o l a r  and wind energy, an energy balance between t h e  heat ing  l oad  of 
So lar  Hab i ta t  I and the  amount o f  s o l a r  and a u x i l i a r y  heat  supp l ied  t o  
So la r  Hab i ta t  I was determined exper imenta l ly .  Before t h i s  was 
possib le,  the performance of t h e  subsystems o f  So la r  H a b i t a t  I had t o  be 
exper imenta l l y  measured. As p rev ious l y  discussed, these subsystems 
inc luded the  p i p i n g  system, s torage tanks, f l a t  p l a t e  s o l a r  c o l l e c t o r s ,  
heat exchanger, baseboard convectors, wind t u r b i n e  generator,  a u x i l i a r y  
h o t  a i r  furnace, and So la r  Hab i ta t  I. Once a l l  subsystems were exper i -  
menta l l y  c a l i b r a t e d  by mon i to r i ng  such va r iab les  as s o l a r  i n s o l a t i o n ,  
wind speed, and ambient temperature, t h e  heat ing  l oad  o f  So la r  H a b i t a t  I 
and the  amount o f  s o l a r  and wind energy c o l l e c t e d  and used as a  f u n c t i o n  
o f  t ime cou ld  be determined. Also, f rom the  knowledge o f  i n d i v i d u a l  
subcomponent performance, t he  thermal performance o f  var ious o v e r a l l  
system arrangements cou ld  be evaluated. 
I n  order  t o  o b t a i n  t h e  most conc lus ive  and use fu l  r e s u l t s ,  t h e  
t e s t s  of t he  subsystems and models were conducted i n  t h e  sequence shown 
below. A l l  t e s t  sheets, data co l l ec ted ,  and o t h e r  impor tan t  i n fo rma t ion  
f o r  each subsystem and model i s  discussed i n  d e t a i l  i n  t h e  s p e c i f i e d  
Appendice(s) . Appendix C sumnarizes the  necessary ins t rumenta t ion  f o r  
each o f  t he  tes ts .  
1) P ip ing  
2) Storage tank 
3) So la r  c o l l e c t o r s  
4 )  Heat exchanger 
5 )  Baseboard convectors  
6 )  Wind t u r b i n e  generator  
7 )  Hot a i r  furnace 
8 )  So la r  H a b i t a t  I 
9)  Models 
3.1 P i p i n g  
The impo r tan t  i n f o r m a t i o n  determined f o r  t h e  p i p i n g  subsystem was: 
t h e  c a l i b r a t i o n  o f  a l l  f l o w  meters i n  t h e  system, t h e  c a l i b r a t i o n  o f  a l l  
pressure gauges, de te rm ina t i on  o f  a l l  pump c a p a c i t i e s ,  and t h e  de te r -  
m i n a t i o n  o f  no f l o w  (deadhead) pressures i n  each loop. S ince t h e  p i p i n g  
i n  a l l  l oops  was i n s u l a t e d ,  t h e  hea t  l o s s  f rom t h e  p i p i n g  was assumed t o  
be n e g l i g i b l e .  
A deadweight gauge was used as a s tandard  f o r  t h e  c a l i b r a t i o n  o f  
t he  s i x  pressure gauges t o  be used i n  t h e  s o l a r  c o l l e c t o r  p i p i n g  system. 
Each pressure gauge was t e s t e d  f rom 0-50 ps ig ,  i n  increments o f  5 ps ig .  
The t e s t  was repeated t h r e e  t imes.  The accuracy, s e n s i t i v i t y ,  and 
c a l i b r a t i o n  o f  each pressure gauge was recorded. A f t e r  t h e  p ressure  
gauges were c a l i b r a t e d ,  t hey  were p laced  i n  t h e  s o l a r  c o l l e c t o r  l o o p  
as descr ibed  i n  Appendix C and i l l u s t r a t e d  i n  F igu re  17. A f t e r  t h e i r  
i n s t a l l a t i o n ,  t h e  deadhead pressure i n  t h e  f l o w  l oop  was measured and 
recorded. 
The method used t o  c a l i b r a t e  t h e  f l o w  meters i n  t h e  p i p i n g  system 
was t o  f i r s t  accu ra te l y  c a l i b r a t e  a f l o w  meter i n  t he  l a b o r a t o r y ,  and 
then use t h a t  secondary s tandard f l o w  meter i n  s e r i e s  w i t h  the  f l o w  
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Figure 17. S o l a r  C o l l e c t o r  Loop 
meters i n  the  p i p i n g  system t o  c a l i b r a t e  each o f  them. The secondary 
s tandard f l o w  meter was c a l  i b r a t e d  by e s t a b l  i s h i  ng a  steady f l o w  
th rough t h e  f l o w  meter and then measuring t h e  volume and/or  t he  mass o f  
t h e  f l o w i n g  f l u i d  t h a t  passed through i n  an a c c u r a t e l y  t imed i n t e r v a l .  
Be fo re  t h i s  t e s t  was conducted, t h e  f l o w  meter was mounted i n  a  v e r t i c a l  
p o s i t i o n ,  and i n  such a  manner t h a t  t h e  f low r a t e  was n o t  i n f l u e n c e d  
by t h e  f l o w  d i s t r i b u t i o n  upstream. The secondary s tandard f l o w  meter 
was c a l i b r a t e d  from 1  t o  6.6 gpm. Once the  f l o w  i n  t h e  meter became 
steady, t h e  water  was d i v e r t e d  t o  a  c a l i b r a t e d  con ta ine r ,  and a t  t h a t  
moment an e l e c t r i c  t i m e r  began. When t h e  water  l e v e l  reached 30 ga l l ons ,  
t h e  t i m e r  was stopped, and t h e  c a l i b r a t e d  f l o w  r a t e  i n  t h i s  t e s t  was 
compared w i t h  t h e  f l o w  me te r ' s  read ing .  
A f t e r  t h e  secondary s tandard f l o w  meter was c a l i b r a t e d ,  i t  was 
i n s t a l l e d  i n  So la r  H a b i t a t  I and used t o  c a l i b r a t e  each o f  the  l'low meters 
i n  t h e  p i p i n g  system. To c a l i b r a t e  t h e  f l o w  meters i n  t h e  p i p i n g  system, 
t h e  secondary s tandard f l o w  meter was p laced  i n  s e r i e s  w i t h  t h e  p a r t i c u l a r  
f l o w  meter t o  be t es ted .  Then t h e  f l o w  r a t e  through t h e  secondary s tandard  
f l o w  meter was inc reased  f rom 1  t o  6.6 gpm i n  var ious  increments.  The 
accuracy, s e n s i t i v i t y  and t h e  bes t  f i t  c a l i b r a t i o n  o f  t h e  p a r t i c u l a r  
f l o w  meter be ing  t e s t e d  was c a l c u l a t e d  f rom t h e  da ta  ob ta ined .  T h i s  
same procedure was conducted t h r e e  t in ies f o r  each f l o w  meter t es ted .  
A f t e r  a l l  f l o w  meters were c a l i b r a t e d ,  t h e  maximum capac i t y  o f  each 
pump was measured and recorded. Test  sheets,  data,  c a l c u l a t i o n s  and 
o t h e r  impo r tan t  i n f o r m a t i o n  a r e  found i n  Appendix D. 
3.2 Storage Tanks 
An impor tan t  parameter i n  eva lua t i ng  each s to rage tank i s  t he  
r a t e  o f  heat t r a n s f e r  f rom t h e  tank as a  f u n c t i o n  o f  i t s  temperature. 
The heat l o s s  r a t e  from t h e  tank was expe r imen ta l l y  determined by hea t i ng  
t h e  tank t o  an a r b i t r a r y  temperature and then mon i to r i ng  the  temperature 
decay o f  the  tank as a  f u n c t i o n  of t ime.  The energy balance equat ion  f o r  
the tank i s  g iven by: 
Since 
where C = S p e c i f i c  heat  o f  water  
p = Densi ty  o f  water  
V = Volume o f  water i n  tank 
t = Time 
and t h e  values o f  C, and C2 remain e s s e n t i a l l y  cons tan t  i n  a  one dimen- 
s i ona l  ana l ys i s .  Equat ion 6 can be r e w r i t t e n  as 
dTs Qt = CpV -- d t CITs + C2 
The form of Equation 8 i s  i d e n t i c a l  t o  the equation o f  a s t r a i g h t  
l i n e  w i t h  C1 as the  s lope and C2 as the  y i n te rcep t .  I n  order  t o  
ob ta in  an empir ica l  equation t h a t  describes the r a t e  o f  heat t r a n s f e r  
from the  tank f o r  a corresponding tank temperature, the values o f  C1 and 
C 2  had t o  be determined exper imental ly .  This was accomplished by 
ob ta in ing  numerous experimental va l  ues f o r  Qt and the corresponding TS , 
and then using a regression ana lys is  technique t o  f i n d  the bes t  f i t  
values f o r  C1 and C2. 
The t e s t  procedure used t o  ob ta in  the data po in ts ,  Qt and TS, i s  
described next .  Since the  values o f  C, p,  and V i n  Equation 7 a re  known 
o r  e a s i l y  measured, the  value o f  Q t  can be determined by eva luat ing  
dT - 
- f o r  a corresponding Ts. This was done by r a i s i n g  the  temperature i n  d t 
t h e  storage tank t o  an a r b i t r a r y  temperature by means o f  an imnersion 
heater connected t o  Solar  H a b i t a t  I ' s  u t i  1 i ty suppl i e d  e l e c t r i c a l  system 
and then moni tor ing the  temperature and the  change i n  temperature i n  the  
tank per u n i t  o f  t ime. I n  order  t o  assure a un i fo rm tank temperature, 
purr~p 4 o f  F igure 17 was used t o  mix the  water i n  the  storage tank (pump 
5 was turned o f f ) .  The heat  l o s t  by passing the tank water through the  
purr~p and heat exchanger was minimized by i n s u l a t i n g  the exposed surfaces. 
The tank temperature was monitored as a f u n c t i o n  o f  t ime du r ing  t h i s  
t e s t .  Since the  m a j o r i t y  o f  the  data obtained f o r  t he  storage tank t e s t  
was taken simultaneously w i t h  t h e  t e s t i n g  of So lar  Hab i ta t  I, a scan 
per iod  o f  every th ree  minutes was used. For t e s t s  conducted independent 
o f  the  Solar  H a b i t a t  I t e s t ,  a scan per iod  o f  t h i r t y  minutes was chosen. 
Instrumentation, t e s t  da ta ,  ca lcula t ions ,  and other  important information 
used, in  the storage tank tes t  a r e  summarized in  Appendices C and E .  
3 . 3  Solar Collector 
'The t e s t  method fo r  determining the thermal performance of the  
f l a t  p la te  co l lec to rs  was s imilar  t o  the National Bureau of Standard's  
method f o r  ra t ing  so l a r  co l lec to rs  (8,  19) .  A schematic of the so la r  
co l lec to r  loop i s  shown in Figure 17. Based on Reference 19, the eff ic iency 
of a  f l a t  p la te  co l lec to r  i s  given by: 
where 
11 = Efficiency of the co l lec to r  
F ' = Collector eff ic iency fac tor  
( ~ a ) ~  = Effective transmittance - absorptance product 
T i  = Temperature of the f l u id  a t  the  i n l e t  t o  the co l lec to r  
Te = Temperature of the f l u id  a t  the e x i t  of the co l lec to r  
To = Outside ambient temperature 
I = Solar insola t ion r a t e  per un i t  area 
,The desired experimental information required was a  plot  of the col-  
l e c t o r ' s  ef f ic iency as  a  function of the parameter 
A s t r a i g h t  l i n e  should r e s u l t  where the slope i s  equal t o  F I U 1  and the y  i n t e r -  
cept  given by F ' ( T ~ ) ~ .  I t  should be noted t ha t  U1 may not be constant  s ince  
i t  i s  a  f u n c t i o n  o f  t h e  p l a t e  temperature and t h e  ambient temperature.  
A lso,  ( T S L ) ~  may n o t  be cons tan t  s i nce  i t  can va ry  w i t h  i n c i d e n t  ang le  t o  
t he  c o l l e c t o r .  
The t e s t  i n t e r v a l s  were o f  twenty  minutes du ra t i on .  Each t e s t  
p o i n t  was c a l c u l a t e d  u s i n g  averaged t e s t  da ta  f rom the  l a s t  t e n  minutes 
of each t e s t  i n t e r v a l .  The f i r s t  t e n  minutes o f  t e s t  data i n  each i n t e r -  
va l  was d iscarded  t o  a l l o w  f o r  p o s s i b l e  t r a n s i e n t  e f f e c t s .  Wi th  t h e  
t e s t  sessions conducted on s i t e ,  t h e  o n l y  t e s t  parameters under exper imenta l  
c o n t r o l  were t he  f l o w  r a t e  through the  c o l l e c t o r s  and, t o  a  l e s s e r  e x t e n t ,  
t he  f l u i d  i n l e t  temperature Ti, t o  t he  c o l l e c t o r s .  The c o l l e c t o r  l o o p  
f l o w  r a t e s  used f o r  these t e s t s  were: 2 , 3 ,  and 4 gpm. Observat ions o f  
wind speed, wind d i r e c t i o n  and c l oud  cover  were taken a t  r e g u l a r  i n t e r -  
v a l s  d u r i n g  t he  t e s t  sessions. I ns t rumen ta t i on  used i s  summarized i n  
Appendix C .  Data was taken a t  one minu te  i n t e r v a l s  d u r i n g  t h e  t e s t  
sess ions.  The data was recorded on casse t t s  tape and then  read i n t o  t he  
UMass computer and reduced us ing  the  computer programs "STES12A" and 
"STES1 OA" . (A 1  i s t i n g  o f  program STES12A appears i n  Appendix F. ) 
C o l l e c t o r  e f f i c i e n c y  was based on an o v e r a l l  energy balance around 
t h e  c o l l e c t o r  c a l c u l a t e d  f rom t h e  equat ion  
where 
m = Flow r a t e  o f  t h e  hea t  t r a n s f e r  f l u i d  P  
C = S p e c i f i c  heat  o f  t h e  heat  t r a n s f e r  f l u i d  
P  
Ac = Aper tu re  area o f  t he  c o l l e c t o r  
The values of T - T i  ad I used were the average o f  the  l a s t  t e n  
~ i l i t i i ~ t e s  of dnta 'tt each t e s t  i n t e r v a l .  The value o f  iii was read fro111 
P 
sensor- 9 (see Appendix C) a t  the  beginning and end o f  each t e s t  i n t e r -  
va l .  The c o l l e c t o r  f l u i d  was a  60/40 s o l u t i o n  o f  propylene g lyco l /water .  
The s p e c i f i c  heat  of t h e  s o l u t i o n  was obta ined f rom ASHRAE data  (6) .  
Tests sheets, ca l cu la t i ons ,  and o the r  important  i n fo rma t ion  a r e  g iven i n  
Appendix F. 
3.4 Heat Exchanger 
To measure t h e  performance o f  the heat exchanger, (see schematic 
o f  F igure  17),  t h e  ef fect iveness was experimental  l y  determined. Heat e r -  
changer ef fect iveness,  F ,  i s  def ined as t h e  r a t i o  o f  t he  ac tua l  r a t e  o f  
heat  t r a n s f e r r e d  t o  t h e  maximum poss ib le  r a t e  o f  heat  t r a n s f e r r e d  (8) .  
From t h i s  d e f i n i t i o n  o f  heat  exchanger e f fec t iveness ,  
where 
'mi n  = Smaller o f  the  (m C ) and (4 C) magnitudes P P 
To determine t h e  o v e r a l l  performance o f  the heat  exchanger, a  p l o t  o f  
e f fec t i veness  as a  f u n c t i o n  o f  t he  f low r a t e  on the tank s i d e  o f  the  
heat  exchanger ( tube s ide )  f o r  var ious s o l a r  c o l l e c t o r  s i d e  f l o w  r a t e s  
(she1 1  side) was obtained. 
The heat exchanger t e s t s  were c a r r i e d  ou t  concu r ren t l y  w i t h  t h e  
s o l a r  c o l l e c t o r  t e s t s .  Thus, t he  same t e s t  i n t e r v a l s  and sampling r a t e s  
were used. The t e s t  method f o r  t he  heat  exchanger was t o  determine t h e  
e f fec t iveness  as a  f u n c t i o n  o f  the  f l ow  r a t e  i n  t h e  tank s i d e  o f  the  




v a r y i n g  f l o w  r a t e s  ( 2 ,  3, and 4 gpm) on t he  c o l l e c t o r  s i d e  ( s h e l l  s i d e )  
o f  t he  heat  exchanger. ( A l l  i n s t r umen ta t i on  used f o r  t h i s  t e s t  i s  sum- 
marized i n  Appendix C . )  The e f f ec t i veness  was c a l c u l a t e d  by computer 
program STESlOA and STES12A u s i n g  da ta  recorded d u r i n g  t h e  t e s t  sessions. 
Program STES12A p lus  t e s t  sheets,  data,  c a l c u l a t i o n s ,  and general  i n f o r -  
mat ion sheets i s  shown i n  Appendices F  and G. 
3.5 Baseboard Convectors 
The s i m p l i f i e d  schematic shown i n  F igure  18 i l l u s t r a t e s  t he  t h r e e  
convector  loops i n  So la r  H a b i t a t  I. T h e i r  performance was measured by 
de te rmin ing  t h e  r a t e  o f  hea t  t r a n s f e r r e d  per  l i n e a r  ft o f  convector  as 
a f u n c t i o n  o f  t h e  average temperature o f  t h e  water  t h a t  passes through t h e  
convector .  For example, based on an energy balance equat ion  f o r  t h e  
bedroom convector  loop ,  t h e  r a t e  a t  which energy i s  added t o  t h e  house 
f rom t h i s  convector  loop,  Q ~ ,  i s  equal t o  t h e  r a t e  a t  which energy i s  g iven  
up by t h e  convector  l o o p  o r  




AT = Loga r i t hm ic  mean o v e r a l l  temperature d i f f e r e n c e  between t h e  
convec to r  f l u i d  and t h e  ambient a i r  temperature 
From t h i s  i n f o r m a t i o n  t h e  r a t e  o f  hea t  t r a n s f e r  pe r  l i n e a r  f t  o f  convector  
as a  f u n c t i o n  o f  t h e  es t imated  average temperature of t h e  f l u i d  i n s i d e  
t h e  convector  can be determined and compared t o  i t s  p r e d i c t e d  performance. 
Bedroom 
rn Convector Loop C 
s = Subsc r i p t  f o r  loops 1, 2, and 3 
T e l  
Ti 1 L i v i n g  Area 
s = L i nea r  l e n g t h  o f  convectors  
a 
Tes = E x i t  temperature o f  convectors  
m~ Convector Loop 
4 
Tis = I n l e t  temperature o f  convectors  
() P2 e 3  = 16 f t  
Ti 2 Basement 




PS = Pump used f o r  each convector  
m = Flow r a t e  through each convector  C 
F i gu re  18. Baseboard Convector Loops 
To o b t a i n  Q1 and T i n  Equation 12 and 13 respec t i ve l y ,  the  
avg 
values o f  mc, C, tl, Ti Tel , and as a f u n c t i o n  of  t ime must be 
deter~nit ied. The values o f  C and v1 are constants and can be r e a d i l y  
obtained. Since the  flow r a t e  through the  baseboard convectors i s  a 
constant  ( .89 gpm when the re  i s  a heat ing  demand), the moni to r ing  o f  
Inc i s  accor~ipl ished by an on -o f f  vo l tage s igna l  from a c e n t r a l  l o g i c  u n i t  
which con t ro l s  the  heat ing  o f  Solar  Hab i ta t  I .  The value o f  fl i s  a 
func t ion  of Ti , T . Thus, by moni tor ing,  mc, Til , and T as a 
1 el el 
funct ion  of t ime, Q~ and T can be ca lcua l ted .  (Deta i ls  o f  t he  i n s t r u -  
avg 
mentat ion used i n  t h i s  t e s t  a re  discussed i n  Appendix C.) 
For convenience, t h e  t e s t i n g  o f  Solar  H a b i t a t  I and the  baseboard 
convectors was done simultaneously. A scan per iod  o f  t h ree  minutes was 
chosen so as t o  opt imize  the  casset te 's  capac i ty  w i thou t  s a c r i f i c i n g  
e r r o r  i n  the  convector and house t e s t .  Tes t i ng  o f  t he  convectors was 
conducted a t  a r b i t r a r y  tank temperatures ranging from 105°F t o  178°F. 
The data, computer programs, ca l cu la t i ons  and o the r  important  in format ion  
are  summarized i n  Appendix H. 
3.6 Wind Turbine Generator 
The power output  o f  the WTG i s  de f ined as the  power de l i ve red  t o  
the  immersion heaters o r  the  e l e c t r i c  baseboards. To evaluate the over- 
a1 1 performance o f  t h e  wind t u r b i n e  generator (WTG) , t e s t s  were planned 
t o  determine the e l e c t r i c a l  power output  o f  the  wind furnace as a 
f u n c t i o n  o f  wind speed and the  e f f i c i e n c y  o f  the  WTG, 0 (power output /  
t h e o r e t i c a l  maximum power ou tpu t ) ,  as a f u n c t i o n  o f  wind speed. By 
moni to r ing  both the power output  o f  t he  WTG and the  wind speed simultan- 
eously, a check o f  the  pred ic ted WTG performance would be c a r r i e d  out .  
F u l l  t e s t i n g  o f  the WTG a t  Solar  Hab i ta t  I has no t  been t o t a l l y  completed 
a t  t h i s  tirrie due t o  experimental delays. However, p re l im ina ry  d e t a i l s  o f  
the  experimental performance of the  WTG can be found i n  Reference 2. 
3.7 A u x i l i a r y  Hot A i r  Furnace 
The two important  parameters t h a t  needed t o  be determined from the ho t  
a i r  furnace were the  amount of and the t ime when energy was suppl ied t o  
Solar  H a b i t a t  I .  They were exper imental ly  determined by record ing the  pro- 
pane used d a i l y  ( v i a  a p o s i t i v e  displacement f l ow  meter) i n  a l o g  book. The 
s p e c i f i c a t i o n s  on t h i s  p o s i t i v e  displacement f l ow  meter used a re  g iven i n  
Appendix C. By knowing the  d a i l y  amount of propane used ( a t  2522 B T U / ~ ~ ~ )  
and assuming a furnace e f f i c i ency  of 70% ( 4 ) ,  the  amount o f  energy added t o  
Solar  Hab i ta t  I could be determined. 
3.8 Solar  Hab i ta t  I 
The pr imary i n fo rmat ion  needed t o  evaluate Solar  Hab i ta t  I was the  
r a t e  a t  which i t  t rans fers  thermal energy under vary ing  weather cond i t ions .  
Assuming steady s ta te ,  and app ly ing  basic heat t r a n s f e r  p r i n c i p l e s ,  t he  
f o l l o w i n g  equation summarizes the  energy balance used f o r  Solar  H a b i t a t  I: 
where 
Qs = Rate a t  which thermal energy i s  supp l ied  t o  Solar  Hab i ta t  I 
QL = Heating load o f  So lar  Hab i ta t  I 
For the  t e s t i n g  o f  Solar  Hab i ta t  I, t h e  main source o f  thermal energy 
supply ing the  heat ing demand was a heated water storage tank ( w i t h  t h e  
a u x i l i a r y  ho t  a i r  heater  turned o f f ) .  As was discussed previously,  a 
p o r t i o n  of  t h i s  thermal energy (QT) was cont inuously t r a n s f e r r e d  through 
t h e  storage tank w a l l s  t o  Solar  Hab i ta t  I, w h i l e  the  remainder o f  the  
thermal energy ( Q ~ )  was d i s t r i b u t e d  t o  So lar  Hab i ta t  I by means o f  base- 
board convectors when therewas a heat ing  demand. Since So lar  Hab i ta t  I 
was cont inuously occupied, sources o f  thermal energy o the r  than the  base- 
board convectors-storage tank system must be considered. These sources 
inc lude  the  thermal energy gained from d i s s i p a t i n g  e l e c t r i c i t y  through 
household appliances and labo ra to ry  equipment which were operated through- 
o u t  t he  day (Q~), the thermal energy l o s t  from the domestic h o t  water 
heater  t o  So lar  Hab i ta t  I (bHW), the  thermal energy gained due t o  human 
h a b i t a t i o n  (QH), and the  thermal energy gained f rom the  use o f  t he  gas 
stove (9tjT). For c a l c u l a t i o n a l  purposes, the  values o f  hT, qc, qE,  QHw, 
Q ~ ,  and QST were based on the  t o t a l  d a i l y  energy these sources supp l ied  t o  
So lar  Hab i ta t  I. As each energy source discussed suppl ied a p o r t i o n  o f  
t h e  d a i l y  heat ing  load; t h e  fo l l ow ing  energy balance was developed: 
As discussed prev ious ly  i n  the storage tank and baseboard convector 
sect ions:  
and 
(Ich = Q1 + Q2 + Q3 
The values Qt and hCh were evaluated on an hour l y  basis; there fore ,  t h e  
appropr iate adjustments must be made f o r  the d a i l y  energy usage. Thus 
hT = bt x (des i red  t ime i n t e r v a l  ) (8 '  ) 
and 
QC = QCh x (desi red t ime i n t e r v a l  ) (16'  ) 
The e l e c t r i c a l  energy d i s s i p a t e d  i n t o  thermal energy was es t imated  f rom 
the  d a i l y  readings o f  t h e  u t i l i t y  company's k i l o w a t t - h o u r  meter. From 
t h i s  read ing  and knowledge o f  appl iances used, t h e  p o r t i o n  o f  e l e c t r i c i t y  
t h a t  was used as s h a f t  energy and the  p o r t i o n  t h a t  was d i s s i p a t e d  as 
thermal energy cou ld  be es t imated  (16) .  S ince  QHW, Q~ , and QsT comprises 
a  smal l  p o r t i o n  o f  t he  energy supp l i ed  f o r  t h e  heat ing ,  exper imenta l  
t e s t s  were n o t  conducted and es t ima t i ons  o f  t h e  r e s p e c t i v e  values 
were made (1 6, 20).  
By conduct ing experiments t o  o b t a i n  t h e  values of bC and bT and 
by e s t i m a t i n g  t h e  values o f  Q E y  QHWy QH and QVT' t h e  amount o f  thermal 
energy which i s  supp l i ed  t o  S o l a r  H a b i t a t  I on a  d a i l y  bas i s  can be 
obta ined.  D e t a i l e d  c a l c u l a t i o n s  of QHW9 QH, QST, QE, QC and QT a r e  
shown i n  Appendix I. The amount o f  energy supp l i ed  t o  S o l a r  H a b i t a t  I 
was d i v i d e d  i n t o  two ca tegor ies ,  one be ing  t h e  t o t a l  energy supp l i ed  t o  
So la r  H a b i t a t  I, QS and t h e  o t h e r  be ing  t h e  amount o f  energy s u p p l i e d  t o  
S o l a r  H a b i t a t  I f rom t h e  s to rage tank, QSS, ( s imp ly  t h e  sum o f  qT and Q ~ ) .  
This  d i s t i n c t i o n  was made t o  d i f f e r e n t i a t e  between t h e  sources o f  energy 
which added thermal energy t o  So la r  H a b i t a t  I as a  by-product  o f  some 
o t h e r  e s s e n t i a l  opera t ions  (QE, QHW , QH, and QsT) and t h e  sources o f  
energy which were necessary t o  ma in ta in  So la r  H a b i t a t  I a t  a  comfor tab le  
temperature l e v e l  (QT and QC). E s s e n t i a l l y ,  Q represents  t h e  amount of SS 
energy which t h e  s o l  a r  (wind p l u s  f 1  a t  p l a t e  c o l l  e c t o r s )  energy sources 
o r  t he  a u x i l i a r y  hea t i ng  system must supply  t o  meet t he  hea t i ng  demand. 
I n  o r d e r  t o  equate Qs (and t o  Q~ v i a  Equat ion 14, a  b r i e f  
d i scuss ion  o f  t he  independent v a r i a b l e s  which govern t h e  va lue  o f  dL i s  
necessary. The hea t i ng  l o a d  o f  S o l a r  H a b i t a t  I can be summarized by t h e  
f o l l ow ing  equation: 
where 
Qi = Rate o f  energy l oss  due t o  i n f i l t r a t i o n  
'ha = Rate o f  energy loss  through walls,windows, doors, 
r o o f  and f l o o r  
Qw = Rate of energy ga in  t o  Solar  Hab i ta t  I from s o l a r  i nso la -  
t i o n  through the  windows 
D e t a i l s  on the  a n a l y t i c a l  est imat ions o f  the  values Qi, Qhe¶ and Qw are  
discussed i n  Reference 4. 
From Equation 17, i t  can be deduced t h a t  t h e  heat ing load o f  Solar  
Hab i ta t  I i s  a st rong f u n c t i o n  o f  both the  weather cond i t ions  and 
i n f i l t r a t i o n  ra te .  That i s ,  Qh, i s  a func t ion  of t he  temperature d i f -  
ference between the i n s i d e  and outs ide  ambient a i r  temperatures, Q i s  
W 
a func t i on  o f  the s o l a r  i n s o l a t i o n  and Qi i s  a f u n c t i o n  o f  t h e  i n f i l t r a -  
t i o n  r a t e  and the temperature d i f f e r e n c e  between the  i n s i d e  and outs ide  
ambient a i r  temperatures. 
The t e s t  conducted and the method of analyz ing the  data were c a r r i e d  
o u t  t o  c o r r e l a t e  Qs and QSS w i t h  Qi , ah,¶ Qw, and QL. I n  order  t o  cor -  
r e l a t e  Qs w i t h  QL, experimental data was taken t o  ob ta in  Qs as a func t i on  
o f  the  average ambient temperature. S p e c i f i c a l l y ,  through the  experimental 
graphs QS vs a bes t  f i t 1 i n e  w i t h  an x-y i n t e r c e p t  o f  6 8 ' ~  
( t r a d i t i o n a l  heat load reference temperature) and 0 BTU/day, was generated. 
From the slope o f  t h i s  bes t  f i t  l i n e ,  an experimental es t imat ion  o f  t he  
t o t a l  heat ing load of Solar  Hab i ta t  I ( B T U / ~ F  day) w i t h  an experimental 
average d a i l y  s o l a r  i n s o l a t i o n  could be obtained. 
From t h i s  r e s u l t ,  t he  t o t a l  amount o f  heat  l o s s  from So la r  H a b i t a t  
I due t o  i n f i l t r a t i o n ,  Qi, could be est imated. Thiswas obta ined by 
f i n d i n g  the  d i  f fe rence between the e x p e r i ~ i ~ e n t a l  heat ing  l oad  o f  So la r  
H a b i t a t  1. and an a n a l y t i c a l l y  p red i c ted  hea t i ng  l oad  o f  So la r  H a b i t a t  I 
w i t h  a  zero i n f i l t r a t i o n  r a t e .  From these r e s u l t s ,  t h e  t o t a l  i n f i l  t r a -  
t i o n  r a t e  can be est imated. As discussed e a r l i e r ,  t he  t o t a l  i n f i l t r a t i o n  
r a t e  can be d i v i d e d  i n t o  two components, t he  p o r t i o n  which i s  caused by 
na tu ra l  convect ion and t h e  p o r t i o n  which i s  caused by t h e  fo rced ven- 
t i 1  a t i o n  system. The i n f i  1  t r a t i o n  caused by n a t u r a l  convect ion was 
d i f f i c u l t  t o  measure. However, t h e  i n f i l t r a t i o n  due t o  t h e  fo rced 
v e n t i l a t i o n  fan  was e a s i l y  measured by o b t a i n i n g  an a i r  f l o w  p r o f i l e  
a t  i t s  exhaust duct.  An e l e c t r o n i c  manometer was used t o  o b t a i n  the  a i r  
wind speed a t  twenty f i v e  l o c a t i o n s  i n  t he  9 i n c h  by 4 5 /2  i nch  exhaust 
duct.  D e t a i l s  on t h i s  t e s t  procedure, data, and c a l c u l a t i o n s  a re  g iven 
i n  Appendix J. 
From the  t e s t s  j u s t  discussed, t h e  t o t a l  hea t i ng  l oad  o f  So la r  
H a b i t a t  I w i t h  an average d a i l y  s o l a r  i n s o l a t i o n  r a t e  and an es t ima t ion  
o f  t he  t o t a l  i n f i l t r a t i o n  r a t e  can be determined. To o b t a i n  a  b e t t e r  
understanding o f  t he  heat ing  l oad  o f  So la r  H a b i t a t  I, the  f o l l o w i n g  
ana lys i s  o f  t he  t e s t  data was used t o  determine (1) t h e  p o r t i o n  o f  t h e  
heat ing  l oad  supp l ied  by t h e  baseboard convector - storage tank sys- 
tem, and (2) what e f f e c t  s o l a r  i n s o l a t i o n  had on t h e  hea t i ng  load. Th i s  
ana lys i s  was based on t h e  amount of thermal energy suppl i e d  t o  So la r  
Hab i ta t  I from t h e  s to rage tank (QSS). 
To determine what p o r t i o n  o f  t he  heat ing  l oad  was supp l ied  by t h e  
storage tank, t h e  experimental  values o f  QSS as a  f u n c t i o n  o f  t h e  
average dai ly  temperature were plotted a n d  the best f i t  l i n e  through 
the data was determined. The slope of the best f i t  l i n e  represents 
the heating load of Solar Habitat I with an average dai ly  so la r  in- 
sola t ion r a t e ,  CS,  and the x- in tercept  represents the average dai ly  
temperature a t  which the demand for  thermal energy from the storage 
tank begins, T x .  A value of Tx lower than the t rad i t iona l  heating load 
reference temperature of 68°F implies t ha t  sources of energy other than 
the thermal energy supplied from the tank, ( Q H ,  Q H W ,  QST, a n d  Q E )  supply 
the heating 1 oad. 
The e f f ec t  of so la r  insolation on the heating load was determined 
by plot t ing the experimental values of the heating load ( B T U / O F  day) as  
a function of the  t o t a l  dai ly  so la r  insolation and then finding the best 
f i t  l i n e  through t h i s  data.  I t  should be noted t ha t  the data points 
fo r  t h i s  graph a re  based on the teniperature a t  which there i s  a demand 
for  energy from the storage tank, T x ,  the average dai ly  ambient a i r  
temperature, and the  corresponding values of QSS. From these r e su l t s ,  
a corre la t ion between Q L  and Qi , Q h a  , and Qw can be determined. Equa- 
t ion (17) can be rewritten as 
QSS can be based on a reference temperature, T x ,  instead of 68"F, 
and based on previous work discussed in t h i s  sect ion,  the value of Qss, 
Q i ,  and Q h e  can be determined on an average ambient temperature and 
the experimental average dai ly  t o t a l  so la r  insolation ra te .  From t h i s  
information, the following empirical equation was assumed 
where 
Ci = Constant which describes t h e  heat  l o s s  due t o  i n f i l t r a t i o n  - 
BTUI°F day 
Cha = Constant which describes t h e  heat  l o s s  through doors, 
windows, wa l l s ,  e t c .  - BTU/OF day 
T  = Average d a i l y  ambient a i r  temperature (OF) oa 
With the i n c l u s i o n  o f  t h e  s o l a r  i n s o l a t i o n  e f f e c t ,  t he  f o l l o w i n g  
genera l i zed emp i r i ca l  equat ion was developed: 
(20) 
where 
Cw = Constant which describes t h e  heat  ga in  through windows - 
BTU/ O F  day/ ( BTU/ ft2 day) 
D I  = To ta l  d a i l y  i n s o l a t i o n  on a  south f a c i n g  v e r t i c a l  su r face  
A1 = Average t o t a l  d a i l y  s o l a r  i n s o l a t i o n  on a  south f a c i n g  
v e r t i c a l  sur face f o r  t he  t e s t  p e r i o d  
It should be noted t h a t  t h e  value o f  Cw i s  equal t o  t h e  s lope o f  t h e  
bes t  f i t  l i n e  through t h e  data o f  t he  hea t i ng  l o a d  as a  f u n c t i o n  o f  
s o l a r  i n s o l a t i o n  . 
Based on Equation 20, an es t ima t ion  o f  t h e  e f f e c t  o f  t h e  s o l a r  i n -  
s o l a t i o n  ra te ,  t he  i n f i l t r a t i o n  ra te ,  and t h e  p rope r t i es  o f  t h e  in- .  
s u l a t i n g  ma te r ia l s  used i n  t h e  cons t ruc t i on  o f  So lar  H a b i t a t  I can be 
made. 
The f o l l o w i n g  t e s t  procedure was used t o  o b t a i n  t h e  necessary 
data t o  evaluate So la r  H a b i t a t  I. This t e s t  used a  t ime p e r i o d  o f  
20 days du ra t i on  w i t h  the  necessary channels scanned every th ree  
minutes. (De ta i l s  on the  i n s t r u n e n t a t i o n  used f o r  t h i s  t e s t .  a re  d i s -  
cussed i n  Appendix c.) To nl inimize the e r r o r  i n  measuring the  thermal 
energy which was added t o  So lar  Hab i ta t  I ,  the h o t  a i r  furnace and the  
s o l a r  c o l l e c t o r s  were turned o f f  dur ing  t h e  t e s t  per iod.  Energy was 
added t o  the  storage tank by means of an immersion heater  connected t o  
So la r  H a b i t a t ' s  u t i l i t y  supp l ied  e l e c t r i c a l  system. This was done f o r  
a  per iod  o f  t en  days, a t  which t ime the  energy w i t h i n  t h e  tank was 
s u f f i c i e n t  t o  l a s t  f o r  the  remainder o f  t he  t e s t .  Since an accurate 
* 
average tank temperature was needed t o  evaluate the  value o f  QT, the 
water i n  the  storage tank was cont inuously  mixed by means o f  pump 4 i n  
F igure 17. Add i t i ona l  d e t a i l s  o f  t he  s p e c i f i c  t e s t  conducted, c a l -  
cu la t i ons ,  and o the r  important  i n fo rma t ion  a re  shown i n  Appendix I. 
3.9 Overa l l  System Models 
TO evaluate the  overa l  I system models , a p l o t  o f  9AH/ ( t S S  + 6AH) 
as a  f u n c t i o n  o f  t ime o f  year  w i l l  be exper imenta l l y  determined, where 
QAH = amount of a u x i l i a r y  heat  needed t o  main ta in  So lar  H a b i t a t  I a t  
65°F. From the c a l i b r a t i o n  of a l l  subsystems and previous weather data, 
a  computer s imu la t i on  can be c a r r i e d  o u t  t o  est imate the value o f  
QAH/kSS + QAH) as a  f u n c t i o n  of t ime. This es t ima t ion  can then be com-. 
pared t o  the  r e s u l t s  o f  the  experimental t e s t i n g .  
A p o t e n t i a l  method o f  t e s t i n g  the  var ious o v e r a l l  system models 
might  be as fo l lows.  Since the t e s t i n g  o f  var ious  models w i l l  be 
conducted over a  long p e r i o d  o f  t ime, t he  suggested process o f  data 
hand l ing  i s  t o  i n t e g r a t e  a l l  the necessary s igna ls  which vary fre- 
quen t l y  w i t h  t ime t o  o b t a i n  the  des i red  experimental  data. By doing 
t h i s ,  the  bas ic  data w i l l  be i n  a  more compact form, making the  data 
a c q u i s i t i o n  and ana lys is  more simp1 i e r  and e f f i c i e n t .  (For  example, 
a  suggested i n t e g r a t i o n  and scan p e r i o d  m i g h t  be a  . p e r i o d  o f  15 m inu tes .  ) 
A f t e r  t h e  d a t a  i s  o b t a i n e d ,  a  d i g i t a l  computer program can be used 
t o  reduce t h e  d a t a .  A f t e r  s u f f i c i e n t  e x p e r i m e n t a l  i n f o r m a t i o n  i s  ob- 
t a i n e d ,  t h e  r e s u l t s  can be conipared t o  p r e v i o u s  a n a l y t i c a l  work.  
; ' H A P T E R  I V  
EXPERIMENTAL RESULTS 
Th i s  chap te r  d iscusses t h e  exper imenta l  r e s u l t s  ob ta ined  f r om 
t h e  t e s t s  conducted t o  da te .  These resu l t s ,  sometimes reduced t o  em- 
p i r i c a l  equat ions,  w i l l  be compared t o  t h e  a n a l y t i c a l  work which was 
d iscussed e a r l i e r .  As p r e v i o u s l y  mentioned, Appendices D through J 
i n c l u d e  a l l  t e s t  i n f o rma t i on ,  computer programs, c a l c u l a t i o n s ,  and 
da ta  which was needed t o  eva lua te  a l l  subsystems. 
4.1 P i p i n g  
The jmpor tant  i n f o r m a t i o n  t o  be determined f o r  t h e  p i p i n g  system 
was t h e  c a l i b r a t i o n  of a l l  f low meters, t h e  pump c a p a c i t y  o f  t h e  s o l a r  
c o l l e c t o r  loop,  t h e  c a l i b r a t i o n  of a l l  pressure gauges, and t h e  dead- 
h ~ ? ~ '  pressures i n  t h e  s o l a r  c o l l e c t o r  l oop  (Appendix D ) .  The c a l i b r a -  
t i o n  o f  a  s tandard f l o w  meter was necessary i n  o r d e r  t o  c a l i b r a t e  t h e  
remain ing f l o w  meters i n  t h e  p i p i n g  system. Th i s  s tandard f l o w  meter 
was c a l i b r a t e d  i n  t h e  l a b o r a t o r y  and was then used i n  s e r i e s  w i t h  each 
f l o w  meter i n  t he  p i p i n g  system f o r  i n d i v i d u a l  c a l i b r a t i o n .  The r e -  
s u l t s  ob ta i ned  a r e  shown i n  Table 1 .  The f low meter on t h e  tank  s i d e  
o f  t h e  hea t  exchanger was n o t  c a l i b r a t e d  as i t s  f l o w  c a p a c i t y  was 86 gpm 
which was cons ide rab l y  h i ghe r  than t h e  s tandard f l o w  me te r ' s  c a p a c i t y  
o f  6.6 gpm. 
The pump c a p a c i t y  i n  t he  s o l a r  c o l l e c t o r  l oop  was determined 
nex t .  The c a p a c i t y  of t h e  pump on t h e  tank  s i d e  of  t h e  hea t  exchanger 
( t ube  s i d e )  rdnyed f rom 0 - 24 gpm, and t h e  c a p a c i t y  on t h e  c o l -  
l e c t o r  s i d e  o t  t n e  hea t  exchar~ger  ( s h e l l  s i d e )  ranged f rom 0 - 4.5 
Sensor Descr ip t ion  
and Corresponding 
Sensor Number i n  
Appendix C 
S-7, Secondary 
standard rotameter  
(6.6 gpm maximum 
f l ow)  
S-8, Rotameter on 
the  tank s ide  o f  
the heat  exchanger 
(-86 gpm maximum 
f l ow)  
S-9, Rotameter on 
the c o l l e c t o r  s ide  
o f  the  heat ex- 
changer (11  pm 
maximum f l ow  4 
S-10, Three iden- 
t i c a l  rotameters 
i n  the  baseboard 
convector system 
(3.55 gprn maximum 
f l ow)  
Table 1 
Flow Meter C a l i b r a t i o n  
Best F i t  L i n e  C a l i -  
b r a t i o n  
Accuracy - y = f l o w  r a t e  i n  gpm 
qpm S e n s i t i v i t y  x = f l o w  meter reading(%) 
1 d i v .  
+ -1265 . 2  Qpm d i  v. y = .9885 x - ,00623 
+ .0302 
- 
-071 y = 3.532 x d iv .  
gpnt. Thesc pu~iip c a p a c i t i e s  agreed f avo rab l y  w i t h  t he  manu fac tu re r ' s  
spec i  f i c a  t i o n s .  1 t wdl; not. p o s s i b l e  t o  Itleasure t.hc puulp c a p a c i t y  o f  
t he  convec to r  pullips s  ince  t h e  inaximum f l o w  c a p a c i t y  exceeded t h e  m a x i ~ ~ ~ u ~ r ~  
f l o w  r a t e  i n  t h e  1  i n e  f low meter.    manufacturer;^ s p e c i f i c a t i o n s  
suggested t h a t  t h e  maximum f l o w  f o r  t h e  basement, l i v i n g  area, and bed- 
room pumps was 4 gpm.) 
F i n a l l y ,  t h e  c a l i b r a t i o n  of  t h e  p ressure  gauges was determined f o r  
t he  p i p i n g  system. The c a l i b r a t i o n  o f  t h e  p ressure  gauges was c a r r i e d  
o u t  us i ng  a dead we igh t  gauge t e s t  a r e  shown i n  Table 2. A  reg ress ion  
a n a l y s i s  was used t o  o b t a i n  a  b e s t  f i t  l i n e  f o r  t h e  data and i s  a l s o  
summarized i n  t h e  same t a b l e .  A f t e r  t h e  i n s t a l l a t i o n  and checkout o f  
t h e  hea t i ng  system was complete, t h e  deadhead p ressure  i n  t h e  c o l l e c t o r  
l oop  was measured. The deadhead p ressure  on t h e  tank  s i d e  o f  t h e  hea t  
exchanger was 23.5 ps ig .  The c o l l e c t o r  s i d e  of t h e  heat  exchanger, a  
c losed  system, was charged ( v i a  an e x t e r n a l  charg ing  pump) t o  a  p ressure  
o f  42 p s i g  w i t h  t h e  pump o f f .  Wi th  t h e  c o l l e c t o r  l o o p  on and a  v a l v e  i n  t h e  
l oop  c losed,  t h e  deadhead p ressure  was 44 ps ig .  
4.2 Storage Tank 
The i n f o r m a t i o n  used t o  eva lua te  t h e  performance o f  t h e  s to rage  
tanks  was t h e  r a t e  o f  hea t  t r a n s f e r r e d  from t h e  tank as a f u n c t i o n  o f  
t h e  average tank temperature (Appendix E ) .  As d iscussed e a r l i e r ,  t h e  
r a t e  o f  hea t  t r a n s f e r r e d  f rom t h e  tank i s  g iven  by Equat ion 8, 
Based on a  one d imensional  a n a l y s i s ,  t h e  va lues of  C1 and C2 a r e  
a  f u n c t i o n  o f  t h e  p r o p e r t i e s  of t h e  m a t e r i a l s  used i n  t h e  tank  des ign,  
Table 2 
Pressure Gauge Cal i b r a t i o n  
Bes t  F i t  L i n e  C a l i -  
Sensor D e s c r i p t i o n  b r a t i o n  
and Corresponding y = p ressu re  i n  p s i g  
Sensor Nuniber i n Accuracy - Sensi t i v i  ty  x  = r ead ing  on p ressure  
Appendix C 
~ s i g  p s i g / d i v .  gauge c a l  i b r a t e d  
-- - - - - - - -- - - -- - - -- - -- - - -- - - - - - -- - -- - 
S-1 , Pressure -- + - 1 4  . 5  y = 1.0092 x  - .0019 
gauge: (30 inches 
vacuum t o  15 p s i  ) 
S-2, Pressure + - 30  
gauge: ( 0  t o  30 
p s i  ) 
S-3, Pressure + 1.21 
gauge: (30 inches  
vacuulii t o  15 p s i  ) 
S-4, Pressure - + .32 
gauge: ( 0  t o  
60 p s i )  
S-5, Pressure - + .30 
gauge: ( 0  t o  
60 p s i )  
S-6, Pressure - + .19 
gauge: ( 0  t o  
100 p s i )  
the inside ambient a i r  temperature, and  the ground temperature sur- 
rounding the tank. All of these were expected t o  be constant during 
the t e s t  period. For the storage tank t e s t  (which was conducted from 
February 28 to  March 9 a n d  March 11 to  March 14, 1977), 106 data points 
were obtained. However, in trying to  f i t  the experimental data to  one 
straight  l ine ,  indications were that the values of C1 and C2 were not 
constants. I n  order to obtain a more rea l i s t i c  en~pirical f i t ,  the 
experimental d a t a  was divided into three sections. Each section included 
the heat loss data obtained when the average t a n k  temperature was between 
60 - 105OF, 105 - 150°F, and 150 - 180'~. From th i s  d a t a ,  the best f i t  
l ine for each section was calculated. Figure 19 compares the empirical 
equation obtained with previous analytical work. As can be seen from the 
experimental analysis, the heat loss from the storage tank (measured by 
the thermal leakage ra te)  i s  far  greater t h a n  analytic studies. The 
discrepancy between the empirical and analytical resul ts  can be a t -  
tributed to  the lack of consideration for  three dimensional heat transfer 
in the analytical modeling. For the present tank design, i t  i s  be1 ieved 
that much of the energy los t  from the storage t a n k ,  especially a t  higher 
temperatures, i s  conducted along the concrete tank walls to  the adjoining 
concrete walls, which are exposed t o  the ambient a i r .  To improve the 
storage tank performance, a minimization of losses of th is  type i s  essential .  
4.3 Solar Collectors 
The solar collector t e s t s  were conducted on three different  t e s t  
periods (January 31, February 8, and February 11, 1977). For these t e s t s ,  
three different collector flow rates were used and a  total of 19 
d a t a  points were obtained. A summary of the resul ts  showing 
6 0 100 140 180 
Average Tank Temperature (TS) ,  OF 
F igure  19. Comparison o f  A n a l y t i c a l  and Experimental  
Resu l ts  f o r  Storage Tank 
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2 
col lec tor  eff ic iency as a function of I l o  ( r e f e r  t o  Equation 9 )  
i s  given in Figure 20. T h i s  f igure  a lso gives the col lector  eff ic iency 
as ana ly t ica l ly  predicted fo r  three ambient temperatures. Although there  
i s  a large amount of data s c a t t e r ,  the  experimental r e su l t s  follow closely  
the eff ic iency predictions fo r  the ten panel array.  From this da ta ,  i t  
can be concluded t h a t  the so la r  co l lec tors  a re  performing about as ex- 
pected. However, future  t e s t s  may be carr ied out t o  reduce the data 
s c a t t e r  and increase the t e s t  parameter range. 
4 .4  Heat Exchanger 
The heat exchanger tests were conducted simultaneously with the  
so la r  col lector  t e s t s  and a r e  summarized in Appendix G .  As mentioned 
e a r l i e r ,  the required information needed to  evaluate the heat exchanger 
performance was effectiveness as  a function of the flow r a t e  i n  the tube 
s ide  (tank s ide )  fo r  various shel l  s ide  (co l lec tor  s ide)  flow r a t e s .  
The experimental data obtained i s  shown in Figure 21 and a comparison of 
these resu l t s  to  previous analyt ical  work ( a t  a tube s ide  flow r a t e  of 
18 gpm) i s  shown i n  Figure 22. From the t e s t s  conducted, i t  can be seen 
t h a t  there  i s  an excel lent  corre la t ion between the  theoret ical  pre- 
dic t ions  and the experimental resul t s  . 
4.5 Baseboard Convectors 
The test  f o r  the baseboard convectors was conducted simultaneously 
with the tes t ing  of Solar Habitat I from February 17 to  March 9, 1977. 
183 t e s t  points were obtained from average convector temperatures of 
173 t o  105 '~ and a flow r a t e  of .89 gpm. 140 of the data points 
obtained were fo r  the bedroom, bathroom, kitchen area loop, 43 points 
were f o r  the l iv ing area loop, however, no points were obtained fo r  the 
For A n a l y t i c a l  Resul ts  
m  = 3 gpm C 
Windspeed = 5 mph 
F igu re  20. Performance o f  t h e  So la r  H a b i t a t  1 ' s  
C o l l e c t o r s  - Experimental Po in ts  and 
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F i g u r e  21. Resu l t s  o f  Heat Exchanger E f f e c t i v e n e s s  
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Figure 22. Comparison o f  t he  Theore t ica l  and 
Experimental Resul ts  f o r  t h e  Heat Exchanger 
basenlent loop. The fac t  that the basement loop did not turn on during 
the ent ire  t e s t  period implies t h a t  the energy supplied from the storage 
t a n k  plus the energy added t o  Solar Habitat I from the laboratory equip- 
ment was sufficient to meet the heating demand of the basement alone. 
A comparison of representative experimental da t a  for bo th  the living 
area and bedroom convectors to the predicted analytical resul ts  i s  shown 
in Figure 23. As can be seen from the resul ts ,  the experimental per- 
formance of the convectors f a l l s  short of the analytical expectations. 
One possible explanation for these results i s  t h a t  the experimental 
t e s t  of the convectors used a flow rate t h r o u g h  the convectors of .89 
gpm while the analytical predictions were based on a flow rate of 1 gpm. 
Original baseboard convector calculations ( 3 )  predicted that the present 
system would supply twice as much energy to Solar Habitat I for  a given 
average convector temperature. T h u s ,  based on the revised calculations, 
a question arises as to whether or not the baseboard convectors will 
provide sufficient thermal energy t o  Solar Habitat I when both the t a n k  
temperature and the outside ambient a i r  temperature are low. This problem 
will be discussed in more detail  la ter .  
4.6 Wind Turbine Generator 
The experimental performance of th is  subcomponent was summarized 
previously in Chapter 111. 
4 .7  Auxiliary Hot Air Furnace 
No additional experimental tes ts  were carried o u t  on  th is  com- 
ponent, thus the previous assumptions used t o  predict i t s  performance 
(see Chapter 111) were used directly. 
Ambient Temperature - 6 5 ' ~  
Experimental Flow Rate - .89 gpm 
Predicted Per f .  Flow Rate - 1 . 0  gpm 
F igure  23. Comparison o f  t he  Pred ic ted  and Experimental 
Resul ts  f o r  t h e  Baseboard Convectors 
4.8 So lar  Hab i ta t  I 
The tes ts  f o r  So lar  Hab i ta t  Iwereconducted from February 17 t o  
March 9, 1977. Seventeen complete days o f  data were obtained and 
analyzed, w h i l e  th ree days o f  datawere l o s t  due t o  equipment mal funct ion.  
The in format ion  obta ined f o r  each day was: the  t o t a l  energy necessary 
t o  heat So lar  Hab i ta t  I, QS, the  amount o f  thermal energy suppl ied t o  
So lar  H a b i t a t  I from the  storage tanks, QSS, the  average d a i l y  ou ts ide  
ambient temperature, To, and the  t o t a l  d a i l y  s o l a r  i n s o l a t i o n  a v a i l a b l e  
on a south fac ing  v e r t i c a l  surface, D I .  
To determine the  t o t a l  heat ing load of So la r  Hab i ta t  I (BTUI°F day), 
the t o t a l  energy supp l ied  per day was p l o t t e d  as a func t i on  o f  t h e  
average ambient d a i l y  temperature. From t h i s  data a bes t  f i t  l i n e  through 
the  conventional reference temperature o f  68OF was ca lcu la ted.  The 
s lope o f  t h i s  l i n e  represents the  number o f  BTU's requ i red  t o  heat So lar  
Hab i ta t  I per "F day ( w i t h  an average d a i l y  s o l a r  i n s o l a t i o n  r a t e ) .  
F igure 24 shows t h i s  experimental data and the  r e s u l t i n g  best  f i t  l i n e .  
From the experimental data, t h e  heat ing load based on a 68°F reference 
2 p o i n t  and an average d a i l y  s o l a r  i n s o l a t i o n  r a t e  o f  790 BTU/ft day was 
7857 BTU/"F day. 
The r e s u l t i n g  experimental heat ing  load was over  9000 BTU/OF day 
less  than the  o r i g i n a l l y  p red ic ted (1 ) design heat ing  load o f  17,000 
BTU/"F day. This decrease i n  heat ing  load can be d i r e c t l y  r e l a t e d  t o  
a low i n f i l t r a t i o n  r a t e  f o r  So lar  Hab i ta t  I. That i s ,  t he  design model 
assumed an i n f i l t r a t i o n  r a t e  o f  one a i r  change per  hour ( represent ing 
65% o f  the  heat ing load o f  So lar  Hab i ta t  I ) .  As discussed previously,  
the i n f i l t r a t i o n  r a t e  i s  a combination o f  t he  f low induced by t h e  
v e n t i l a t i o n  system and i n f i l t r a t i o n  due t o  na tu ra l  convection, which 
- 
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F igure  24. Heat ing Demand o f  So la r  Hab i ta t  I 
Based on To ta l  Energy Used 
was d i f f i c u l t  t o  nieasure experiniental ly .  Tests conducted showed tha t  
the verltilation fan produces an in f i l t r a t i on  r a t e  of 0.11 a i r  changes/ 
hour o r  1225 BTU/"F day. In order t o  estimate the energy l o s t  from 
Solar Habitat I due to  the to ta l  i n f i l t r a t i o n  r a t e  the difference be- 
tween the actual experimental heating load (7857 BTU/"F day) and the 
analytical  heating load fo r  zero i n f i l t r a t i o n  (5850 B T U / O F  day) was 
calculated,  and from th is  value the to ta l  i n f i l t r a t i o n  r a t e  was estimated 
t o  be 0.18 a i r  changes per hour (2007 BTU/"F day) which i s  about 25% 
of the tota l  heating load for  Solar Habitat I .  
In the previous paragraphs the experimental heating load of Solar 
Habitat I was calculated based on the to ta l  amount of energy used. Another 
important parameter which must be considered in evaluating Solar Habitat 
I i s  the amount of thermal energy supplied t o  Solar Haibtat I from the 
storage tank. This parameter i s  important as i t  i s  an indication of the 
amount of energy which must be suppl ied by the wind turbine generator 
and the so la r  col lectors  to  heat Solar Habitat I .  To evaluate t h i s  
parameter, the experimental values for  the amount of energy supplied from 
the storage tank to  Solar Habitat I as a function of  the average daily 
temperature were plotted.  Figure 25 shows these points and a best f i t  
l i n e  through them. As discussed e a r l i e r ,  the slope of this l i n e  re- 
presents the heating load of Solar Habitat I fo r  an experimental dai ly  
so l a r  insolation r a t e  (7870 BTU/"F day with an insolation r a t e  of 
2 790 BTU/ft day) and the x intercept i s  the reference temperature ( T x )  
a t  which the heating load begins (49.8OF). The r e su l t s  obtained 
indicate tha t  other sources of energy, which are  essential  fo r  human 
- 
2 Average S o l a r  I n s o l a t i o n  Rate - 790 BTU/f t  day 
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F i gu re  25. Heat ing  Demand o f  S o l a r  H a b i t a t  I Based 
On Energy Supp l ied  f r om Storage Tank 
hab i ta t i on ,  (QE' QST, QHw, and QH - es t imat ion  o f  the  values are  
discussed i n  Appendix I )  supply the  necessary thermal energy t o  heat 
Solar  Hab i ta t  I on a 49.8"F average temperature day w i t h  a t o t a l  s o l a r  
2 i n s o l a t i o n  r a t e  o f  790 BTUIft  day. 
Thus f a r ,  the e f f e c t s  o f  the  i n f i l t r a t i o n  r a t e  and the average 
d a i l y  temperature on the heat ing load have been discussed. To complete 
the experimental eva luat ion  o f  Solar  Hab i ta t  I a more d e t a i l e d  d iscussion 
o f  the  e f f e c t  o f  s o l a r  i n s o l a t i o n  on the heat ing load w i l l  be considered. 
As mentioned e a r l i e r  i n  sec t ion  3.8 an empir ical  equation o f  the form 
(20) 
was proposed. Thus fa r  the  values of Ci, Che, A I ,  and Tx have been 
estimated t o  be 2007 BTUI°F day, 5850 BTUI°F day, 790 B T U / ~ ~ '  day and 
49.8OF, respect ive ly ,  and the value o f  Qss, T D I  a re  var iab les  which oa 
are experimental l y  measured. The remaining constant, Cw, which i s  un- 
known, i s  estimated by p l o t t i n g  (see Figure 26) the  experimental d a i l y  
suppl ied heat ing  load (BTUI0F day) based on the 49.8"F reference po in t ,  
as a func t ion  o f  the t o t a l  d a i l y  s o l a r  i n s o l a t i o n  ra te ,  D I .  Through t h i s  
data, a best  f i t  l i n e  was obtained w i t h  the  s lope equal t o  Cw. 
Thus, s u b s t i t u t i n g  the experimental constant i n t o  Equation 20, the  
f o l l o w i n g  r e l a t i o n s h i p  f o r  iSS can be obtained, 
+ 1-2.462 (DI - 790.)] (49.8 - Toa) 
I n t e r c e p t  = 9807 B T U / ~ F  day 
BTUI'F d a  Slope = -2.462 BTU/f tZ day 
To ta l  D a i l y  So la r  I n s o l a t i o n ,  B T ~ l f t '  day 
F i g u r e  26. E f f e c t  o f  t h e  So la r  I n s o l a t i o n  Rate 
On the  Heat ing  Load of So la r  H a b i t a t  I 
This  represents an impor tan t  r e l a t i o n s h i p ,  s ince  g iven  average d a i l y  
temperature and t h e  t o t a l  d a i l y  s o l a r  i n s o l a t i o n  ava i l ab leon  v e r t i c a l  
su r face  f a c i n g  south, an es t ima t i on  of t h e  amount o f  thermal energy re -  
q u i r e d  f rom the  wind t u r b i n e  generator  and t h e  s o l a r  c o l l e c t o r s  can be 
made. Equat ion (21 )  i s  a l s o  impor tan t  as i t  d i f f e r e n t i a t e s  between 
t h e  th ree  r a t e s  of heat  t r a n s f e r  (pi, Qha, and Qw), which comprise t h e  
t o t a l  hea t i ng  l o a d  o f  So la r  H a b i t a t  I, Q ~ .  From t h e  r e s u l t s  ob ta ined 
t o  date, i t  appears t h a t  t h e  a n a l y t i c a l  work compares favorably  w i t h  
experimental  data. However, due t o  t h e  many va r i ab les  i nvo l ved  i n  
do ing  t h e  experimental  t e s t i n g ,  i t  i s  d i f f i c u l t  t o  come t o  any concrete 
conclus ions as t o  t h e  s p e c i f i c  values o f  t h e  o v e r a l l  hea t  t r a n s f e r  
c o e f f i c i e n t s  through t h e  wa l l s ,  f l o o r s ,  c e i l i n g s ,  doors, and windows; 
t h e  exact  i n f i l t r a t i o n  r a t e  i n t o  So la r  H a b i t a t  I and t h e  amount o f  s o l a r  
energy t r a n s m i t t e d  i n t o  and absorbed by So la r  H a b i t a t  I. 
C H A P T E R  V 
RECOMMENDATIONS AND CONCLUSIONS 
From the  experimental  r e s u l t s  and a n a l y t i c a l  work conducted t o  date, 
a  number o f  recommended changes t o  So la r  H a b i t a t  I can be made. The 
f i r s t  o f  these recommendations concerns the  redes ign  of t he  s torage tank  
i n s u l a t i o n .  As can be seen from F igu re  19, t h e  heat l o s s  from t h e  storage 
tanks f a r  exceeds t h e  heat  l o s s  r a t e  des i red .  Due t o  t he  i n s u l a t i n g  o f  
the  ou te r  w a l l s  of t h e  s torage tank, three-dimensional heat conduct ion 
becomes an impor tan t  f a c t o r  i n  t he  heat  l o s s  f rom t h e  tank  a t  h igh  tank  
temperatures. The suggested design t o  so lve  t h i s  problem c o n s i s t s  o f  
i n s u l a t i n g  t h e  i nne r  p o r t i o n  o f  the  concrete tank  w i t h  3 inches o f  po l y -  
urethane i n s u l a t i o n  then cover ing  t h e  urethane w i t h  a swimming pool l i n e r .  
Due t o  mechanical d e t e r i o r a t i o n  and heat  l o s s  through t h e  t o p  covers, 
i t  i s  a l s o  s t r o n g l y  suggested t h a t  the  tank  covers be redesigned. A 
suggested design f o r  the  cover system i s  i l l u s t r a t e d  i n  F igure  27. 
Apply ing a one dimensional heat  t r a n s f e r  model t o  t h i s  tank  design, t h e  
est imated r a t e  o f  heat t r a n s f e r  from the  storage tank as a f unc t i on  o f  
tank  temperature i s  compared t o  t he  ac tua l  experimental  r e s u l t s  i n  
F igure  28. It i s  est imated t h a t  18% i s  l o s t  t o  the  ground compared t o  
29% w i t h  t h e  prev ious storage tank design. I t  i s  be l i eved  t h a t  a concre te  
tank design s i m i l a r  t o  t he  one j u s t  discussed would be the  bes t  des ign 
f o r  the  wind furnace concept i n s t a l l e d  i n  a newly cons t ruc ted  home. I f  
t h e  wind furnace i n s t a l l a t i o n  i s  a r e t r o f i t  system, an i n s u l a t e d  s t e e l  tank 
design may be more advantageous. 
6" o f  po lys ty rene  
10" o f  concre te  
and 2" o f  po lyurethane 
South 
+ 
Figure  27. Redesign o f  Storage Tank 
and Cover 
- 
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F igure 28. Comparison of the  Experimental Results t o  the  
Predicted Performance of the  Redesigned Storage Tank 
Another problem which deserves cons idera t ion  i s  the  f a c t  t h a t  
the baseboard convectors may n o t  be ab le  t o  supply the needed thermal 
energy when the storage tank temperature i s  low. F igure 29 shows the  
heat ing load o f  Solar  Hab i ta t  I as a func t ion  of t he  storage tank tem- 
peratures.  This graph demonstrates the  ~aximum amount o f  energy which 
can be suppl ied by the  baseboard convectors f o r  a given tank temperature 
and the  t o t a l  thermal energy, QS, which i s  suppl ied t o  Solar  Hab i ta t  I 
f o r  a g iven tank temperature. As can be seen from the  graph, a tank 
temperature o f  1 1 2 ~ ~  i s  needed t o  supply the  heat ing  demand f o r  an 
average January temperature i n  the  Amherst area o f  24'~. To determine 
the  best  s o l u t i o n  t o  t h i s  problem, i t  i s  suggested t h a t  t e s t i n g  be 
conducted throughout an e n t i r e  heat ing  season t o  determine what e f f e c t  
the baseboard convectors have on the  o v e r a l l  performance o f  the  Wind 
Furnace concept. This data may then i n d i c a t e  i f  i t  i s  necessary t o  add 
more convectors o r  t o  l e t  the  a u x i l i a r y  heat ing  system prov ide the  needed 
thermal energy. 
As discussed i n  sec t i on  3.9, the  method o f  ob ta in ing  data f o r  
o v e r a l l  system models must be evaluated t o  make optimum use o f  t he  
data a c q u i s i t i o n  system. E s s e n t i a l l y  a key problem i s  t h a t  c e r t a i n  
sensor s igna ls  need t o  be scanned f requen t l y  t o  ob ta in  accurate data 
and o the r  sensor s igna ls  need t o  be scanned l e s s  f requen t l y .  Present ly ,  
the on ly  s o l u t i o n  t o  t h i s  problem i s  t o  scan a l l  the  sensors a t  a 
frequent scan i n t e r v a l ,  thus the  casset te  tape becomes f u l l  o f  data i n  
a very shor t  t ime per iod.  F igure  30 shows a p l o t  o f  t h e  number o f  days 
on l i n e  as a func t ion  of t he  scan pe r iod  f o r  vary ing  numbers o f  channels 
Ambient Temperature - 6 5 ' ~  
80 100 1,20 140 1 6 0  180 200 
Average Tank Temperature, OF 
F igure  29. Maximum Thermal Energy Suppl ied t o  
So la r  Hab i ta t  I as a Func t ion  o f  t he  
Tank Temperature 
Scan Period, - Sec. 
F igure 30. Capacity o f  t h e  Cassette Tape as a Funct ion o f  t h e  
Scan Period 
scanned. Fro111 th - i s  f i g u r e ,  i t  can be seen t h a t  the  l eng th  o f  t ime the  
data logger i s  on l i n e  decreases s i g n i f i c a n t l y  as the  scan pe r iod  i s  
decreased. The suggested s o l u t i o n  t o  t h i s  problem i s  t o  i n t e g r a t e  a l l  
sensor outputs which vary f requen t l y  w i t h  t ime. The suggested i n t e -  
g r a t i o n  pe r iod  would be a du ra t i on  o f  f i f t e e n  minutes. Jus t  p r i o r  t o  
the  f i n i s h  o f  the  i n t e g r a t i o n  per iod,  scan a l l  necessary channels by 
means o f  the  remote scan c o n t r o l  sw i tch  on the  data logger .  I n t e g r a t i n g  
the  necessary i n fo rma t ion  a f f e c t s  several f a c t o r s :  increases the  
l eng th  o f  t ime the  data logger i s  on l i n e ,  i t  makes t h e  ana lys i s  o f  data 
a much simpler,  and e f f i c i e n t  process by decreasing t h e  t ime needed by 
personnel t o  ob ta in  and analyze the  data and i t  decreases the  storage 
and computer t ime needed t o  analyze the  data. 
One o the r  problem which needs f u r t h e r  cons ide ra t i on  i s  temperature 
s t r a t i f i c a t i o n  w i t h i n  the  storage tanks. A t  a  tank temperature o f  160°~,  
the  tank can be s t r a t i f i e d  as much as 25'~. Since t h e  storage tanks a re  
such an i n t e g r a l  p a r t  o f  the  wind furnace concept i t  i s  f e l t  t h a t  more 
e f f o r t  i n  a n a l y t i c a l  work as w e l l  as experimental  work should be devoted 
t o  ob ta in  a b e t t e r  understanding o f  t he  storage tanks. I f  i t  i s  
found t h a t  the  s t r a t i f i c a t i o n  i s  s i g n i f i c a n t  under c e r t a i n  opera t ing  
cond i t ions ,  t h i s  i n fo rma t ion  may be used t o  improve the  o v e r a l l  per-  
formance o f  the  subsystems, by us ing water from the  warmest area o f  t h e  
tank f o r  the  baseboard convectors o r  us ing water from t h e  co ldes t  area 
of the  tank fo r  the  s o l a r  c o l l e c t o r  loop. Also, s ince  the  performance 
o f  some o f  t he  subsystems i s  based on an average tank temperature, i t  
i s  i r r~por tan t  t o  have a good understanding of the  s t r a t i f i c a t i o n  i n  t he  
tank t o  determine the  t r u e  average tank temperature so t h a t  an accurate 
es t ima t ion  o f  t h e  subsystem performance can be obtained. 
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APPENDIX A 
ANALYTICAL MODELING OF STORAGE TANK 
I n  the  o r i g i n a l  computer modeling o f  t he  storage tank the  f o l l o w i n g  
equat ion descr ibes t h e  r a t e  o f  heat  t r a n s f e r  from t h e  tank. 
= A U  (T - T )  Qt s t s a  
For t h i s  model t h e  shape of t he  tank was assumed t o  be a cube. Thus 
the  volume o f  t h e  tank can be ca l cu la ted  by t h e  f o l l o w i n g  equat ion 
Tv = ~ /7 .4805(ga l  . / f t 3 )  = 133.68 ( f t 3 )  (A1 ) 
where 
TV = Volume o f  t h e  tank - f t  3 
G = Number o f  ga l l ons  of water i n  the  tank (1000 g a l l o n s )  
Since the  tank being considered was a cube the  l e n g t h  o f  one s ide  can 
be ca l cu la ted  by the  f o l l o w i n g  equat ion 
s ide  = Tv = 5.11 f t  
where 
s ide  = Length o f  one s i d e  o f  t h e  tank - f t  
Thus the  sur face area of t he  e n t i r e  tank, As, can be c a l c u l a t e d  by the  
f o l l o w i n g  equat ion 
As = (6)  (s ide) '  = 156.62 f t2 (A3 
To c a l c u l a t e  t h e  o v e r a l l  heat  t rans fe r  c o e f f i c i e n t  of t he  tank, Ut, t he  
f o l l o w i n g  equat ion was used 
where 
RI lV  = i n s i d e  fill11 ther~ l la l  res is tance o f  the  tank 
R I N S  = thermal res i s tance  o f  storage tank i n s u l a t i o n  
h r  ft2 OF 
= I 2  BTU 
kt = thermal c o n d u c t i v i t y  o f  concrete = .54 BTU/hr ft OF 
Th = th ickness o f  storage concrete w a l l  = .25 ft 
Thus s u b s t i t u t i n g  these r e s u l t s  i n t o  equation (1 ) and assuming 
0 T, = 65 F 
Qt = AsUt(Ts-Ta) (1 
The ac tua l  cons t ruc t i on  of the  storage tank was d i f f e r e n t  from the 
o r i g i n a l  tank design the re fo re  an improved a n a l y t i c a l  model was developed. 
This improved a n a l y t i c a l  model solves f o r  t he  va r iab les  i n  Equation 3. 
From Figure 7  i t  can be seen t h a t  
A = A, = (8.25 f t )  x (6.5 f t )  = 53.625 ft 2  E (A6 
AN = A, = (6.5 f t )  x (4.67 f t )  = 30.333 ft2 (A7 
A, = AT = (8.25 f t )  x (4.67 f t)  = 38.05 ft2 (A81 
To c a l c u l a t e  the  o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t s  i n  Equation 3  the  
f o l l o w i n g  thermal c o n d u c t i v i t i e s  o f  the  ma te r ia l s  used i n  the  cons t ruc t i on  
of the  storage tanks are: polyurethane, ku = .0133 BTU/hr f t OF, 
polystyrene,  kS = .0233 BTU/hr f t  OF, and concrete, kc = .54 BTU/hr f t  OF. 
Since the  f i l m  c o e f f i c i e n t s  a re  a  n e g l i g i b l e  p a r t  o f  the  o v e r a l l  heat 
t r a n s f e r  c o e f f i c i e n t s  they w i l l  be neglected i n  t h i s  ana lys is .  The o v e r a l l  
heat t rans fe r  c o e f f i c i e n t s  f o r  the  nor th,  east,  west, south, and bottom of the  
storage tanks a re  ca l cu la ted  by the  f o l l o w i n g  equat ions, 
and 
where 
= Thickness of i n s u l a t i o n  on the  nor th ,  east, and west w a l l s  = 
Tni . 2 5 f t .  
n  = Thickness of concrete f o r  the  nor th,  east ,  and west w a l l s  = 
.67 ft. 
Tsi = Thickness of i n s u l a t i o n  used on the  south wa l l  = .I67 ft. 
Ts = Thickness of concrete f o r  t h e  south wa l l  = .83 ft. 
Tbi = Thickness of i n s u l a t i o n  underneath the  f l o o r  = .25 ft. 
Tb = Thickness o f  t he  basement f l o o r  = .33 ft. 
Since the  f r o n t  p o r t i o n  o f  t he  tank cover i s  cons t ruc ted  f rom d i f f e r e n t  mater i -  
a l s  than the  r e a r  sec t i on  (F igure  7 ) ,  t he  a n a l y s i s  o f  the  cover was d i v i d e d  
i n t o  two sect ions.  The area of the  f ron t ,  ATF, i s  
ATF = (4.33 f t )  x (5.33 f t )  = 23.1 ft2 
and the  area o f  t he  rea r ,  ATR, i s  
= (4.25 f t )  x (4.67 f t )  = 19.8 f t  2 A~~ 
To c a l c u l a t e  t h e  o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t s  f o r  t h e  f r o n t  and r e a r  
sec t ions ,  U-[F and UTR r e s p e c t i v e l y ,  t he  f o l l o w i n g  equat ions a r e  used 
where 
Ttf = Thickness o f  t he  i n s u l a t i o n  used f o r  f r o n t  p o r t i o n  o f  t h e  cover  = . I 67  ft. 
= Thickness o f  t he  i n s u l a t i o n  used f o r  t he  r e a r  p o r t i o n  o f  t h e  
Ttr cover = .25 ft. 
A l so  i n  t h i s  a n a l y s i s  i t  should be noted t h a t  t he  ambient temperature i n  t he  
basement was assumed t o  be 65"F, t he  ground temperature below the  basement, 
Tb, was assumed t o  be 55°F and the  temperature on t h e  sou th  w a l l ,  T  assumed 
9 ' 
t o  be t he  
where Taa = Average temperature o f  t he  ambient a i r  temperature f o r  t he  p e r i o d  
under c o n s i d e r a t i o n  ( f o r  t e s t  completed T = 44°F). g  
Thus s u b s t i t u t i n g  these r e s u l t s  i n t o  Equation 3 
APPENDIX B 
THEORETICAL COLLECTOR PERFORMANCE 
1 Computer Program: DIXONI 
2. Resu l t s  o f  DIXONI Computer Runs 
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A P P E N D I X  C 
I NSTRLIMENTATION 
The i ns t rumen ta t i on  necessary t o  c a l i b r a t e  t he  subsysterns and t he  
models was i n s t a l  l e d  a t  a p p r o p r i a t e  l o c a t i o n s  i n  S o l a r  H a b i t a t  I. 
Ins t rumen ta t i on  Summary, l i s t s  each subsystem, t he  i n s t r u m e n t a t i o n  neces- 
sa ry  t o  c a l i b r a t e  t h a t  subsystem, t he  subsystem l o c a t i o n ,  and t he  method 
used t o  record  t he  sensor ' s  ou tpu t .  For many o f  t h e  t e s t s ,  t h e  data was 
rece i ved  by a  da ta  l ogge r  and then  recorded on casse t t e  tape.  A t  a  
l a t e r  t ime,  t h i s  da ta  i s  t r a n s f e r r e d  t o  t h e  UMass t ime -sha r i ng  computer 
system, and analyzed us ing  a p p r o p r i a t e  da ta  r e d u c t i o n  programs. 
INSTRUMENTATION SUMMARY 
Method Used t o  
Subsystem Sensor Descr i  p t i  on Loca t i on  o f  Sensor Within System Record Sensor Output 
P i  p i n g  1 )  Pressure gauge range: b e f o r e  t h e  pump t h a t  pumps wate r  
30 inches vacuum t o  15psi from the  tank  th rough  t he  hea t  ex- 
changer i n  t h e  c o l l e c t o r  1 oop 
1 og book 
2)  Pressure gauge range: a f t e r  t h e  pump t h a t  pumps water  1 og book 
0 t o  30 p s i  f r om  t h e  tank  through t h e  hea t  ex- 
changer i n  t h e  c o l l e c t o r  loop  
3) Pressure gauge range: a f t e r  t h e  hea t  exchanger on t h e  
30 inches vacuum t o  15 t ank  s i d e  o f  t h e  c o l l e c t o r  l oop  
p s i  
4) Pressure gauge range: be fo re  t h e  pump t h a t  pumps propylene- 
0 t o  60 p s i  g l y c o l  water  m i x t u r e  through t h e  
s o l a r  c o l  l e c t o r  
5) Pressure gauge range: a f t e r  t h e  pump t h a t  pumps propy lene-  
0 t o  60 p s i  g l y c o l  water  m i x t u r e  through t h e  
s o l a r  c o l l e c t o r s  
6) Pressure gauge range: be fo re  t h e  hea t  exchanger on t h e  
0 t o  100 p s i  s o l a r  c o l l e c t o r  s i d e  o f  t h e  c o l -  
1 e c t o r  l o o p  
7 )  Rotameter 6.6 gpm 
maximum f l o w  
a c c u r a t e l y  c a l  i b r a t e d  f l o w  meter used 
as a secondary s tandard  t o  c a l i b r a t e  
t h e  f l o w  meters i n  t h e  p i p i n g  system 
8 )  Rotameter 86 gpm max- ro tamete r  used on t h e  tank s i d e  
imum f l o w  o f  t h e  c o l l e c t o r  l o o p  
9 )  Rotameter 11 gpm max- ro tamete r  used t o  measure t h e  t o t a l  
i mum f l  ow f l o w  r a t e  through t h e  s o l a r  c o l -  
1 e c t o r s  
1 og  boo^ 
1 og book 
l o g  book 
1 og book 
1 og book 
l o g  book 
l o g  book 
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INSTRUMENTATION SUMMARY 
Subsys tem Sensor D e s c r i p t i o n  Loca t i on  o f  Sensor Wi th in  System 
Wind Tur-  25) Wind d i r e c t i o n  sensor a t  a h e i g h t  equal t o  the  h e i g h t  o f  
b i n e  t h e  hub o f  t he  WTG, approx imate ly  
Generator 40 f t  f rom the  WTG 
(WTG 
26) Wind speed sensor a t  same p o s i t i o n  as sensor 25 
Baseboard 
Convectors 
A lso use 
sensors 10, 
39, 40, 41 
and 42 f o r  
baseboard 
convector  
t e s t s  
27) R e c t i f i e d  vo l t age  ou t -  
p u t  o f  WTG 
28) R e c t i f i e d  c u r r e n t  ou t -  
p u t  o f  WTG 
29) Type T thermocouple 
30) Type T thermocouple 
31 ) Type T thermocouple 
32) Type T thermocouple 
33) Type T thermocouple 
34) Type T thermocouple 
35) On-off  s i g n a l  f o r  base- 
ment l o o p  
36) On-off s i g n a l  f o r  1 i v i n g  
area l oop  
s i g n a l  moni tored a t  c e n t r a l  l o g i c  
u n i t  
s i g n a l  moni tored a t  c e n t r a l  l o g i  
i n l e t  t o  t h e  basement l oop  
a t  i n l e t  t o  t h e  l i v i n g  area l oop  
a t  i n l e t  t o  t he  bedroom l oop  
a t  e x i  t o f  t h e  basement l oop  
a t  e x i t  o f  t h e  l i v i n g  room area 
1 oop 
a t  e x i t  o f  t he  bedroom l oop  
Method Used t o  
Record Sensor Outout 
D . A . S .  C h a n ~ e l - 3 2 .  
A lso recc rded  gn 
a s t r i ~  c r ? ? :  
2 cha i i l~e i  recorder  
D . A . S .  Channel-33. 
A l so  recorded on 
a s t r i p  c q z r :  2 
channel r eco rde r  
D . A . S .  Cna r ,~e?  - 3 4  a n d  
s t r i p  c n a r t  cecorder 
D . A . S .  C r a f i r e I - 3 5  and 
s t r i p  c ia f :  r ~ c g r d e r  
D . A . S .  Channel-22 
D . A . S .  Channei-23 
D . A . S .  Channel-24 
D . A . S .  Channel-19 
D . A . S .  Channel-20 
D . A . S .  Channel-21 
D . A . S .  Channel-30 
D.A.S. Channel-28 
INSTRUMENTATION SUMMARY 
Method Used t o  
Subsys tem Sensor Descr ip t ion  Locat ion o f  Sensor Within System Record Sensor Output 
Baseboard 37) On-off s ignal  f o r  bed- 
Convectors room 1 oop 
Also use 
sensors 10, 
39, 40, 41 
and 42 f o r  
baseboard 
convector 
tes ts  
Hot A i r  38) P o s i t i v e  displacement 
Furnace 
Solar 39) Type T thermocouple 
Hab i ta t  I 
Also uses 
sensors 10, 
14, 18, 22, 40) Type T thermocouple 
25, 26, and 
29-38 f o r  
Solar  
Hab i ta t  I 41 ) Type T thermocouple 
tes ts  
42) Type T thermocouple 
43) Type T thermocouple 
44) Type T thermocouple 
D.A.S.  Channel-29 
i n  propane l i n e  t h a t  i s  connected 1 og book 
t o  the h o t  a i r  furnace 
i n  southeast sec t ion  o f  the base- D.A.S. Channel-7 
ment a t  an approximate he igh t  
o f  5 f e e t  
i n  northwest sec t ion  o f  the  base- D.A.S. Channel-8 
ment a t  an approximate he ight  
o f  one f o o t  
i n  l i v i n g  area a t  an approximate D.A.S. Channel-9 
he igh t  o f  3 ft 
i n  bedroom area a t  an approximate D.A.S. Channel-10 
he igh t  o f  4 f t 
a t  nor theast  sect ion,  o f  Solar  D.A.S. Channel-11 
Hab i ta t  I a t  an approximate 
he ight  o f  10 f t  above ground 
cD 
a t  northwest sec t i on  outs ide  o f  D.A.S. Channel-1 2 v 
Solar  Hab i ta t  I a t  an approxi-  
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A P P E N D I X  D 
PIPING SYSTEM INFORMATION 
As mentioned ear l ier  the important information to  be obtained for the 
piping system i s  the calibration of the pressure gauges and the flowmeters. 
The data obtained for the pressure gauges and the f lometers  calibrations i s  
in Table Dl and Table D2 respectively. From this  data a best f i t  l ine was 
obtained using a regression analysis canned program (21 ). 
I t  should be noted that the three rotameters in the convector loops 
were calibrated simultaneously. This was done because i t  was d i f f icul t  
to obtain a flow rate through one of the parallel convector loops alone when 
domestic water was passed through the standard flow meter (the standard flow 
meter was connected in series with the three parallel convector loops). Since 
the three rotameters in the convector loops were identical,  these sensors were 
calibrated by summing the three flow rates through the convector rotameters 
and comparing these values to the calibrated staudard rotameter. Thus, one 
average calibration for the three convector rotameters was obtained. 
TABLE D l  
DATA FOR PRESSURE GAUGE CALIBRATIONS 
f i r s t  column - s t a n d a r d  p r e s s u r e  - p s i g  
second column - sensor  r e a d i n g  - p s i g  
x - r e a d i n g  on p r e s s u r e  gauge c a l i b r a t e d  
y - a c t u a l  p ressure  ( p s i g )  
Sensor - 1 Sensor - 2 Sensor - 3 
s e n s i t i v i t y -  . 5  p s i g / d i v  s e n s i t i v i t y  - .5 p s i g l d i v  s e n s i t i v i t y  - .5  p s i g / d i v  
accuracy - +. 14 p s i  g a c c u r a c y -  5.30 p s i g  a c c u r a c y -  k1.2  p s i g  
c a l i b r a t i o n  -y=l.O092x-.0019 c a l i b r a t i o n  -y=.9899x-.0230 c a l i b r a t i o n  -y=l.O804x-.4949 
TABLE Dl ( con t .  ) 
Data f o r  P re s su re  Gauge C a l i b r a t i o n s  
Sensor  - 4  Sensor  - 5  Sensor  - 6  
s e n s i t i v i t - y  - 1  ps ig /d iv  s e n s i  t i  v i  t y  - 1  psi g/di  v s e n s i t i v i t , y -  1  p s ig /d iv  
accuracy - +. 32 ps ig  accuracy - '. 30 psi g accuracy - 5.19 ps ig  
ca1 i b r a t i o n  -y= .9947x-.3545 ca l  i b r a t i o n  -y=l.O05x-.0704 c a l i b r a t i o n  -\/=.9962x--0163 
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TABLE D2 
DATA FOR ROTAMETER CALIBRATIONS 
Sensor - 7 
1 s t  co l  umn-reading on 
secondary standard 
rotameter - % 
2nd c o l  umn-experimental 
r e s u l t s  o f  ac tua l  
f low r a t e  - gpm 
s e n s i t i v i t y  - . 0 6 6  gpm/div 
accuracy - + .0198 gpm 
calibration-y=.06583x-.00709 
y - actual  f low r a t e  i n  gpm 
x - f low meter reading 
Sensor - 9 
1 s t  column-actual f low r a t e  
through secondary standard 
rotameter - gpm 
2nd column-reading on f low 
meter being c a l i b r a t e d  - 
!3 Pm 
s e n s i t i v i t y  - .2 gpm/di v 
accuracy - +-. 1262 gpm 
calibration-y=.9885x-,00623 
Sensor - 10 
1 s t  c o l  umn-actual f l ow  r a t e  
through secondary stan- 
dard rotameter - gpm 
2nd column-sumnation o f  t he  
f l o w  r a t e  through t h e  3 
convector f 1 owmeters - % 
s e n s i t i v i t y  - .071 gpmldiv 
accuracy-  t.0302 gpm 
c a l i b r a t i o n  -y=3.532x 
A P P E N D I X  E 
STORAGE TANK II\FORMATION 
The s to rage  tank t e s t  was conducted s imu l taneous ly  w i t h  t h e  baseboard 
convectors  and S o l a r  H a b i t a t  I t e s t s .  S p e c i f i c a l l y  t h e  t e s t  pe r i ods  were 
fro111 February 27 t o  March 9 and March 11 t o  March 14, 1977. Prev ious  t e s t s  
have shown t h a t  t h e  water  temperature i n s i d e  t h e  s to rage  would be u n i f o r m  by 
a g i t a t i n g  t he  water  w i t h  pump 4 i n  F igure  17. Therefore,  f o r  t h e  t e s t  
pe r i ods  mentioned above t he  tank  was mixed and o n l y  sensor 15 o f  Appendix C 
was moni tored as i t  represen ted  an average temperature o f  t h e  s to rage  medium. 
The data ob ta ined  f o r  t h i s  t e s t  and t h e  t e s t i n g  o f  t he  baseboards and S o l a r  
H a b i t a t  I was recorded by t h e  data a c q u i s i t i o n  system. A sample o f  t h i s  
data i s  shown i n  Table 11. From t h i s  salilple data,  t h e  i n f o r m a t i o n  needed 
f o r  t h e  s to rage  tank t e s t  i s  t h e  t ime, the s to rage  tank  temperature,  and t h e  
two o u t s i d e  ariibient a i r  temperatures. The remain ing sa~i ip le  da ta  i s  in forma-  
t i o n  necessary f o r  the  So la r  H a b i t a t  I and baseboard convec to r  t e s t s .  The 
c o l l e c t e d  data was t r a n s f e r r e d  t o  a  f i l e  and analyzed us ing  t he  program named 
HXSHlC (Tab le  12) .  One hundred and seven exper imenta l  data p o i n t s  were ob- 
t a i n e d  which descr ibed  t h e  r a t e  o f  hea t  t r a n s f e r  f r om t h e  s to rage  tank  f o r  a  
cor respond ing  tank temperature (Tab le  E l ) .  As ment ioned e a r l i e r ,  t h e  da ta  
p o i n t s  were d i v i d e d  i n t o  t h r e e  reg ions  (60-105"F, 105-1 50°F, and 1  50-180°F) 
and t h e  b e s t  f i t  l i n e  through each r e g i o n  was ob ta ined  by us ing  a  reg ress ion  
a n a l y s i s  canned program (21 ) . 
TABLE E l  
HEAT LOSS DATA FOR STORAGE TANK 
f i r s t  column - j u l i a n  day 
second column - hour 
t h i r d  column - average water temperature-OF 
f o u r t h  column - r a t e  o f  heat t r a n s f e r  from tank-Btu/hr 
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A P P E N D I X  F 
SOLAR COLLECTOR INFORMATION 
Tes t i ng  o f  the  s o l a r  c o l l e c t o r s  was conducted d u r i n g  th ree  d i f f e r e n t  
days and a t o t a l  o f  19 t e s t  p o i n t s  were ob ta ined (8) .  I r r~por tan t  i n f o r m a t i o n  
concerning the  t e s t s  i s  summarized i n  Table F1. Est imat ions o f  the  s p e c i f i c  
heat  o f  t h e  propylene-g lycol  m ix tu re  as a f u n c t i o n  o f  t h e  f l u i d  temperature 
was ob ta ined from ASHREA Handbook of Fundamentals (16) .  Other i n f o r m a t i o n  
which was e s s e n t i a l  t o  t he  eva lua t i on  o f  the  c o l l e c t o r s  was moni tored by t h e  
i n s t r u ~ n e n t a t i o n  discussed i n  Appendix C and recorded by t h e  data a c q u i s i t i o n  
system i n s t a l l e d  a t  So la r  H a b i t a t  I. A sample o f  t h e  data ob ta ined i s  shown 
i n  Table F2. The data ob ta ined f o r  a l l  t e s t s  was then used as an i n p u t  t o  
t h e  computer program STES12A (Tabl e  F3) which c a l c u l a t e d  t h e  des i red  r e s u l t s  
(Table F 4 ) .  
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A P P E N D I X  G 
HEAT EXCHANGER INFORMATION 
T e s t i n g  o f  t h e  hea t  exchanger was conducted sirnul taneous ly  w i t h  t h e  s o l a r  
c o l l e c t o r  t e s t s .  In ipor tan t  i n f o r m a t i o n  concern ing  these t e s t s  i s  summarized 
i n  Table F1. The necessary i n s t r u m e n t a t i o n  needed t o  conduct these  t e s t s  
i s  d iscussed i n  Appendix C.  Much o f  t h e  da ta  ob ta i ned  which was n o t  d i s -  
cussed i n  Table F1 was recorded by t h e  data a c q u i s i t i o n  system. The computer 
program STES12A was used t o  ana lyze  t h i s  data,  and t h e  r e s u l t s  ob ta i ned  a r e  
shown i n  Table F3 and Table F4, r e s p e c t i v e l y .  
A P P E N D I X  H  
BASEBOARD CONVECTOR INFORMATION 
The t e s t i n g  o f  t h e  baseboard convec to r  was conducted s i m u l t a n e o u s l y  
w i t h  t h e  t e s t i n g  o f  S o l a r  H a b i t a t  I and t h e  s t o r a g e  t a n k  f r o m  February  17 
t o  March 9, 1977. The i n s t r u m e n t a t i o n  used t o  o b t a i n  t h e  necessary  i n f o r m a -  
t i o n  t o  e v a l u a t e  t h e  baseboards i s  d e s c r i b e d  i n  Appendix C .  Fo r  t h e  e x p e r i -  
menta l  a n a l y s i s  o f  t h e  convec to rs  t h e  ambient a i r  tempera tu re  i n  S o l a r  
H a b i t a t  I was assumed t o  be 65°F and t h e  f l o w  r a t e  th rough  each c o n v e c t o r  
l o o p  was chosen t o  be .89 gpm. A  f l o w  r a t e  o f  .89 gpm was chosen because 
h i g h e r  f l o w  r a t e s  i n  t h e  c o n v e c t o r  l oops  were n o t  c o n s t a n t  when more t h a n  
one c o n v e c t o r  l o o p  was i n  o p e r a t i o n .  
The sensor  o u t p u t  o f  t h e  a p p r o p r i a t e  channels  i n  Appendix C were moni- 
t o r e d  and r e c o r d e d  b y  t h e  d a t a  a c q u i s i t i o n  system. A  sample o f  t h e  d a t a  
o b t a i n e d  i s  d e s c r i b e d  i n  Tab le  11. From t h i s  sample t h e  v a r i a b l e s  which a r e  
needed t o  e v a l u a t e  t h e  baseboard convec to rs  a r e  t h e  t ime;  t h e  tempera tu re  
o f  t h e  w a t e r  a t  t h e  i n l e t  and o u t l e t  o f  t h e  basement, l i v i n g  a rea  and bedroom 
c o n v e c t o r  l oops ;  and t h e  o n - o f f  s i g n a l  f o r  t h e  basement, l i v i n g  area, and 
bedroom convec to rs .  From t h e  t e s t s  conducted, t h e  d a t a  was t r a n s f e r r e d  t o  
a  f i l e  and ana lyzed  by t h e  program HXSHIC ( T a b l e  12) .  One hundred and e i g h t y -  
t h r e e  da ta  p o i n t s  were o b t a i n e d  f o r  v a r i o u s  l o o p s  and a r e  shown i n  T a b l e  H I .  
TABLE H1 
BASEBOARD CONVECTOR RESULTS 
F i r s t  column - j u l  i a n  day 
Second column - hour 
T h i r d  column - l o c a t i o n  
Four th  column - r a t e  of  hea t  t r a n s f e r  t o  So la r  H a b i t a t  I 
per  l i n e a r  f o o t  o f  convector  - B t u l h r - f t  
F i f t h  column - i n l e t  temperature t o  convector  - OF 
S i x t h  column - average temperature o f  t h e  water  th rough  
t h e  convector  - OF 
Seventh column - p roduc t  o f  t h e  o v e r a l l  hea t  t r a n s f e r  
c o e f f i c i e n t  and t h e  su r f ace  area o f  
t h e  convector  - B tu /h r  "F 
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3 3(?40 , 4 
I.! 
36049 , 2 
IS A 
34)046 + 4 
I J  A 
36054 t 9 
I.! A 
361, 6:; * t 3  
I.! R 
360(?2 + 5 
I.! A 
33447,  '9 
I.! A 




;3 3 7 2 :I. * t3 
1.J A 




3 5 8 5 4 + 2  
1.1 A 
33504,  I. 
I.) A 
3 1; " " , ~ . ~ , 3 2  + 8 
1.J A 
35839 , 6 
I.! A 
':"7379 , 7 
A,. 
1.m 
3 :.j ,7 0 (,? * 
I.J n 
333.1.0 + 3 
I.! A 
35675 * 3 
I # t t t t l t t t  PROGRAM C O N V  P A G E  3 
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I:lAY HK BEiS1RO0M IR/F 
K: > ,.) 
.. I...? A,.. 361. + Y 
I:\ A Y ti K I... I V I: N G (:4 / F' 7' 
52 3 306 + 7 
KlAY CiR IU{EDROOM C4/Fy 
F: 1 
,.I L. 3 359 + 2 
I:lAY IdR I...:CVIN(3 Q/ITT 
52 4 307 + 5 
111 A Y I-I I? I... :I: V I N G (14 / F 'T 
E^ 7 I-  
. . ..I 30I3 + Y 
I:[ A Y H F\' I... :C V :C N G (:4 / F"T' 
52 h 308 + 9 
D A Y  I-IR I...IV:CNli Q / F T  
e: 3 
..I ... 7 3 1. 0 + :i 
D A Y  I-IR I...IVIN(:+ Q / F T  
52 F3 307 9 
I:IAY t i R  E(E:DRCICIM Q/F' 
54 0 398 + Y 
I l A Y  HI? EEKIRU(3M C4/F 
5 4  1 395+3 
I:lAY HI7 BEKIRCI(:)M Q/F' 
54 2 393.8 
I:IAY H R  I...IV:CNG Q / F T  
5 4 ' 3  346+7 
I:lAY t i R  l..:CVING Q/F'T 
54 6 345 + 2 
1:) A Y t i  R 1.. I V :I: N (3 R / F"T 
54 7 338 + 0 
ISAY HI? BEKIHCIOM Q/F 
5 4  7 375.0 
SIAY H A  L..IVIN(:; Q / F T  
54 El  332! + 4 
I:lAY t.II.?' EEI'IROCIM Q/F' 
54 8 3 €3 I3 4 
I! A Y 1.4 I? 1.. I V I: N G (14 / t' .T' 
E:' Cr I 7 367 + 2 
I:I A Y 1.4 R I... :[ v :I: N (14 Q / F 'r 
C C" 
.I ..> E l  358 + 0 
I:l A Y 1-1 15 E E.: D A (:I I:) M Q / F' 
T.5 5 13 418, I 
IS A Y I-I R I... I VI N G O / Fr l 
r.- c- 
.,.I 9 352 + 6 
I:IAY I-II? 1EiEDRC)C)M Q/F 
f.5 yj Y 4 3. 2 + 7 
111 A Y 1-1 I:;' E t: IS R C l  (1 M (3 7 I- 
c: e- 
..I .> 1. 6 41Y+9 
Sr A Y 1.1 R BE: I S  R C) (:I M (3 / F: 
55 1. 7 4 3. J + 0 
1:lAY 1.412 BI~!I:IRCI(~M Q/F 
C c: 
.I .I I I3 410+7 
ClAY tit3 IF{EX:IRIICIM Q/FY 
c. c:' 
.).I 23 422 + 8 
D A Y  t i R  BEI:IHOOM C4/F 
55 0 41.3 + 7 
I:iAY IiFi' EEi:SIROCIM Q/F 
56 1. 408 + Y 
1:IAY tiR BE:DRCIOM Q/F 
56 2 409 + 5 
D A Y  HH BEDROOM Q/F 
5 4) 5 43.2 + 3 
7 '  ATEMF' 
160+9  153+5 
1 A'T'EMF' 
159+9 154+5 
' T I  A'T'EMF' 
l h 0 + 6  153+3 
' T I  A T E M F  
15Y+5 154+1  
'1' :I A TE.1 M F' 
159+6  154.1 








T I :  ATEMF' 
165+3 157.3 
T I  A'TEMF' 
165.3 157,s 
T I :  AmrE:MF' 
l h 5 + 0  158+8 
T I  ATEMF' 
165+2  159+1  
T I  A 'TEMF 
164+6  158+7 
'1' I ~ " r  E M F:' 
164+9 15669 
T I :  A T E M P  




169+2  162+7 
7'1: ATEMF' 
l h 8 + 8  l 6 2 + 5  
T ATEMF' 
l h 9 + 1  1h0+6 
T I  ATEMF' 
168+4 162+2 
T I  A " rEMP 
l h 8 + 8  3.60+3 
' T I  ATEMF' 
lht3+Y l .h0+3 
' T I  A'TEMF' 
16t?+Y 160+4 
T I  ATEMF' 
l 6 9 + 0  160.6 
T I  A'TEMF:' 
3.6Y+1 160+5 
7'1 ATEMF' 
l h 9 + 0  160+6 
T I  A'TEMF' 
168+8  3.60+5 
'1.1 A T E M P  
:l.h(3+8 160+4 
T I  ATEMF:' 
168+8 160+4 
U A 




33223 + 1 
I.) A 
35288 + 5 
U A  














37227 + 3 
U A  
37319 + 3 
U A  
37156+2 
U A  
34606 + 6 
U A  
37066 + 6 
I.J A 






3603Y + Y 
U A 
38598 + 5 
IJA 




35985 + 7 
U A 
36054 + 6 
U A  
36016+ 1 
U A 
36042 + 3. 
IJ A 




35955 + 6 
*t******** PROGRAM CONV P A G E  4 
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I I A Y  t i R  EEI:IFi100M (:J/F' I '  CI'I'EMP 
56 6) 907.1 l h H * b  16043 
I I A Y  HR EEDROQM Q/F' 7'1 Al'E:MF' 
S h  7 405.3 1h845 16042 
D A Y  HR EEDRC)C)M Q/F I ATEMF' 
56 8 400.7 168.2 1.6040 
SJAY H R  E E n R O O M  C?/F '1.1 ATEtMP 
56 Y JY7.h 168.3. 16040 
D A Y  HR BEICIROOM ' r I  ATEMP 
57 7 435.4 17245 163.6 
D A Y  t i R  EEDRC3ClM Q/F' TI :  A'I'E:MF' 
5 7  8 430.2 172.4 16346 
DOY HI? BEI lROCIM F '  7 ' :  A'TEMI-" 
59 6 4:.'38+7 1.73.0 :1.64+1 
D A Y  HR BEDRI:l(IM / 1 '  A'I'E:MF:' 
99 7 432 * 1. 172 + 2  163.4 
ISAY HI? BE:X:IR(:ICIM Q/F' I A'TE:MF' 
60 5 3Y?i+0 3.6:1.,9 1.53.9 
ClAY IiFt EE:DRCIC)M F I A'TEMF:' 
h0 6 :J86+7 :l.61. 4 2  1.53.3 
I I A Y  tih' EEDRC)CJM Qi'F:' I' I A'TEMF:' 
6 0 7 380e.1. :Lb0,5 1.52.7 
I:lAY HI? BI::I:lROC)M (:J,.'F' A .I' F' pl F:. 
60 8 374e1 :1.5V+El 3.52.2 
ISAY HR REDRCIOM I I :  A'I'E:MF:' 
61. 1 354,O 153.0 1.45.13 
D A Y  HR EEI:IKC~CIM R / F  'T:C A'TEiMF' 
53. 2 347.2 152+9  1.45.3 
IS A Y t.1 R B E ICI R(:I C) M F T 3: A 'r E; M F:' 
61. 3 3 4 3 . 7 :I 5 :L + 7 3. 4 4 , 7 
ICIAY l.IK BE:DRCI(DM / I  TI A'TEMF' 
61 4 340+7  d51.,0 1.44+0 
D A Y  t fR  tiL::DR(J(DM Q/F:' T I  A'T'EMF:' 
6 1 5 337 .9  :1.50,3 I..c)3,4 
I I A Y  H R  EEDRI:IOM 4 I '  A'I'EMF' 
151. 6 336.0 14Y4 l  142.7 
I:IAY tiR BE:DROCIM Q/F' 7'1: A7'f:MF' 
hd 7 331?.,,'5 149.9 14:!*2 
D A Y  HK EEIIROC)M Q/F: 7'1: n. r t i :Mp 
h1. 8 "'4 ::) '5 , 4 ... ,... \. :I. 4 8 + 1.3 1. 4 1 + 6 
CIAY tiR ht::Dl'IClOM R/F' : A'TELMF:' 
h 3. '3 3 2 0 . 0  147.7 1.41 t2 
I:lAY HR EE:ISRCl(3M Q/F' TI A'I'E:MI:' 
62 1 307.8 :L42+8 1.36.5 
ISAY Hli )SE:L'lllOC)M U / F '  T '  1 A'TE'MF' 
6 2  2 300t5 1.42.3 13h.2 
I I A Y  tiR EEI:IR(DC)M (.7/F' I ATE:MF' 
h ::i 25'0 t 0  1.43. + 7 1.35+7 
I:l A 'Y 1-1 R E E: I:I K O C) M :? / I 'I' 1 A 'I' E M F' 
A:! 4 ;.'(>4.3 .l.41. + : I .  :1.3!5+ 3. 
I:I A Y ti i3 B I: IS K (:I Cl M i:J /' I:: I '  :C A 'I'E: M F' 
62 5 ."72, 7 1.40.h :1.34.6 
I:I A Y H R Kt[:: I:I I:< (I! (:I M [:j ;. 1: 1' :I.' (4 'I' ti: 1;:' 
6 2  6 2' ';' :I * 7 :I. 4 0 0 I. 3 4 + 11. 
I Y 1 2 1 I I 1 :  ' J  , I :I: A 'I' f!: M F:' 
t,2 ;' ,,I <', -': ,:: . * . < ! .  * , . I  l:5c?*4 1:3:5*,!> 
I 1.1 K . I  1 :  1: I ('1 ) h ( 2  /' 1.' 11: A'T'F..MF' 
if) 1: :,! :.,' i3 I + 4 .I. 3 f ; :  5' I :Z 3 .;! 
1.1 P? 'f 1.1 t i  1:; 1:) I3 (j (1 ti tJ :;. I:.' I 1' A.1' I< M 1::' 
$ 3  7 ;! [) (!> 4 1 :3 :3 + :I, .I. :. '7' * :.' 
IJ R 
35951 , 3  
U A 
35895 . 4 
IJA 














332 :I. 3 4 0 
IJ A 
1329 7Y. 4 
U A 
32763 * Y  
U A 
30274 + 2 
LJ 
30038 + 7 
1.1 A 
29846 . 7 
LJ A 
2 9 5 '9 5 4 h 
I.JA 
:3Y 33Y. h 
1.1 A 
29099 + t3 
un 
28872 + 4) 
un 




26668 4 7 
IJA 
26544 + 0 
I.! A 
26343 + 6 
\ I  A 
26140.Y 
I . IA 
25'?,3l + 2 
1.JA 
I.) ,::. .? ... 
.\... ,.! .' 4 . :!
(.If3 
e, C:. ,- .. 
A:. ..! ..!A -9 * 4 
I.! A 
.' , 1: '-4 (3 '1) I-' 
.<... IL.. . . . I  
(.!A 
: ' 3235 ,  ;!

tt******tt P R O G R A M  C O N V  tttt*ttttt 




I l A Y  H R  
66 6 
D A Y  HF\' 
66 7 
I I A Y  I-lR 
66 13 
I:IAY H R  
66 9 
D A Y  Hli 
6 6 :I. 1 
1:lAY t i I 1  
56 1 2  
l I A Y  t i l i  
66 1 3  
I I A Y  HI? 
66 1.4 
D A Y  HR 
66 15 
D A Y  HE 
66 16 
CIAY H R  
6 6 :I. 7 
I:lAY H R  
Oh 1 E l  




I l A Y  HR 
A6 21  
rlny  ti^ 
66 22 
D A Y  HR 
66) 23 
111 A Y 1.4 R 
6 0 












I:I A Y t i  li 
67 7 
I:l A Y 1.4 I? 
67 i3 
D A Y  I.iK 
67 Cr' 
I:! A Y 1.4 l i  








1 7 2 + 9  
Q/F 
1.71 + 2  









1 5 7 + 0  
0 / F:' 
156 + 7 
Q/F 
j.55.0 





1 F; :! + 2 
(R/F 
:I. 5 2 + 4 
Q/F 
1.50 + 8 





:I. S 0 * El 
(14 / F 
:I. 5 0 + 9 
Q / 1.: 






1.54 + 1 
Q/F' 
1 5 5 + 3  
a / 1:: 
154.4 
c4 / F' 
1 4 9 + 7  
Q ,/ F:' 
1.45,4 
n ,/ F:' 
1. 3 9 + 5 
T I  A T E M P  
114.8 111+1 
' T I  ATEMF '  
l . 14+5  1 1 0 + 9  
T I  ATEMF'  
1 1 4 + 2  1 1 0 + 6  
T I  ATEMF'  
1.:1.3.9 110.3 
T I  A-TEMP 
1 1. 3 + 6 1. 1 0 + :I. 
1 ATEMF'  
113.3 1 0 9 + 8  
T I  A"rEMF:' 
112.6 1 0 9 + 3  
T I  ATE!MF' 
112.4 109.1 
T I  A'TEMF:' 
1 1 2 + 0  1 0 8 + 8  
T I  ATEMF '  
1 1 1 + 7  108.5 
T:C ATEMF'  
1 1 1 + 5  108.3 
T:C ATEMF'  
111.3 1 0 8 + 1  
T I  ATEMF'  
1.11 + 0  1.07.8 
'rx ATEMP 
110.7 1.07.6 
T I  ATEMF '  
1.1015 1 0 7 + 4  
I ATEMF '  
1. 1 0 . 2 1. 0 7 . 3. 
7'1: ATE:MF' 
l l O + 0  106.9 
'T I A 1.1: M F:' 
1.09 + 7  106.6 
T I  A'I'EMF' 
.1.09+5 106.4 
' T I  ATE:MF' 
109.2 1 0 6 + 2  
'TI: A'I'EMF' 
1.09 + 0 105 9 
' T I  ATEMF '  
1 0 8 + 7  105.6 
T I  ATEMF'  
108+5 105.4 
T S  A'TEMF' 
1.08.2 1 0 5 + 1  
' T I  A7'EMF:' 
1013.0 104.8 
. 1: A 'T' E M F:' 
1 0 7 + 7  :Lo445 
T I  ATEMF'  
107+!3 104.3 
' T I  ATEiMF' 
1.0'7.3 104.2 
T I  A 'TEMP 
:l.07*1 1.04+1 
T I :  ATEMF:' 
3.he9 1.04+0 
1J A 






1. 6492 + 8 
I.J A 






















15238 + Y 
IJ A 





























1:lRY I-1Fi' E{EfIIFi'0OM Q/F' 7'1 Al'EHF' U A 
h8 r!, 150.4 105+1 102+0 13251+8 
I IAY  HR BE:DHC1(3M U/F' 'TI R'I'EMP 1.1 A 
68 '7 145+Y d05+0 102+0 13233+4 
S ~ A Y   ti^ PEDROOM Q/F 1'1: A'TEMF' I J  A 
68 8 1 4 3 + 3  104+7 101+8 13165+2 
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A P P E N D I X  I 
SOLAR HABITAT I INFORMATION 
The t e s t i n g  o f  So la r  H a b i t a t  I was conducted f o r  a  p e r i o d  o f  twenty days, 
February 17 t o  March 9, 1977. The necessary i ns t rumen ta t i on  used f o r  t h i s  t e s t  
i s  discussed i n  Appendix C and a l l  data was recorded on the  data logger  sys- 
tem. A sample o f  the  da ta  ob ta ined i s  shown i n  Table 11. A l l  the v a r i a b l e s  
i n  the  t a b l e  were necessary t o  eva lua te  So la r  H a b i t a t  I. The data  f o r  t he  
t e s t  was analyzed by program HXSHlC (Table 12) f o r  each hour and these h o u r l y  
r e s u l t s  a r e  shown i n  Table 13. From the  h o u r l y  i n f o r m a t i o n  the  d a i l y  heat ing  
loads were obta ined.  The d a i l y  heat ing  loads were based on a  24 hour p e r i o d  
beginning a t  6:00 a.m. t o  t he  f o l l o w i n g  morning a t  6:00 a.m. This  pe r i od  
was chosen t o  i nco rpo ra te  i n t o  the  a n a l y s i s  t he  e f f e c t  the  d a i l y  s o l a r  i n s o l a -  
t i o n  r a t e  has on the  storage capac i t y  o f  So la r  H a b i t a t  I i t s e l f .  The d a i l y  
heat ing  r e s u l t s  obta ined a r e  based o n l y  on the  energy d e l i v e r e d  t o  So la r  Habi- 
t a t  I and a r e  surmnarized i n  Table 14. To compensate f o r  t he  thermal energy 
gained f rom sources o t h e r  than the  storage tank, an e s t i m a t i o n  o f  QST, QH, 
QHW 
and QE were made- Ca lcu la t i ons  I 1  d iscuss  the  es t ima t i on  o f  these values, 
and Table I 6  surr~marizes the  r e s u l t s  ob ta ined when these sources o f  energy a r e  
inc luded i n  the  d a i l y  hea t i ng  l o a d  of So la r  H a b i t a t  I. From t h e  data i n  
Table I 4  and Table 16, and us ing  a  canned regress ion  a n a l y s i s  program (21)  the  
des i red  r e s u l  t s  were obta ined.  
TABLE I1 
SAMPLE DATA 
F i r s t  row - j u l i a n  day : hour : m i n :  sec 
Second row, f i r s t  column - tank temperature - S14 
Second row, second column - ou ts ide  ambient a i r  temperature - S43 
Second row, t h i r d  column - ou ts ide  ambient a i r  temperature - S44 
Second row, f o u r t h  column - e x i t  temperature f o r  basement convector loop - S32 
Second row, f i f t h  column - e x i t  temperature f o r  l i v i n g  area loop - S33 
Th i rd  row, f i r s t  co l  urr~n - e x i t  temperature fo r  bedroom loop - S34 
T h i r d  row, second column - i n l e t  temperature f o r  basement loop - S29 
Th i rd  row, t h i r d  column - i n l e t  temperature f o r  bedroom loop - S31 
Th i rd  row, f o u r t h  column - i n l e t  temperature f o r  l i v i n g  area loop - S30 
T h i r d  row, f i f t h  column - temperature o f  2000 g a l l o n  tank - S18 
Fourth row, f i r s t  column - pyranometer ou tput  - S22 
Fourth row, second column - on -o f f  s igna l  f o r  basement loop - S35 
Fourth row, t h i r d  column - on-off  s i g n a l  f o r  l i v i n g  area loop - S36 
Fourth row f o u r t h  column - on-off  s igna l  f o r  bedroom loop - S37 
TABLE I 2  
COMPUTER PROGRAM 
HXSHl  C 
tftttttttt PROGRAM HXSHiC: tttttttttf 
0003.0 PROGRAM HTL.C)SS ( INPUT r TAPE1 ?OUTPUT ?TAPE3 
0 0 0 2 0  DIMENSION N (  1 5 6 0 r 5 )  r S (  1 5 6 0 ~ 5 )  
a0030 REAL.. MEtA r MlJ r ME€ 
0 0 0 4 0  F'=2221 + i:'i45 
0 0 0 5 0  R E A D r X r X I r X 2 r X 3 r K  
0 0 0 6 0  E=8 . 1 8  
0 0 0 7 0  C:F:'V=14443. 
000€)0 QBAL.=3.4 + 67 
0 0 0 9 0  C4(JI...=-14 . 5: 
08:1.00 I2bl:l ...= 1.5.92 
00 3. 3.0 MBA-6 + 8 4 0 2  
O0:1.20 MU-6.8402 
GO I. 30 MhE:-6 + 5 0 6 5  
0 0 1 4 0  REWIND 3. 
003.50 I:ICI 9 I = I . r K  
0 0 1 h 0  READ ( ~ . ~ ~ ) N D A Y Y N H O U R I N N I N ~ N S E C  
001.70 I3E:AI:i ( I. r 4 T'T r 'TAi r TR2 r EAR r UR 
003.80 READ (3.r5)kEKrBAIrBEIrUIrTT2 
OOiYO READ (1 r6 )PYR9SEArSUrSBE 
0 0 2 0 0  I F  (Xi .EQ.1. )  GQ TO 95 
0 0 2 1 0  HE:AXS ( 3 .  r t33)  WINKl 
00220 8 3  I"'ORMAT ( AX r l::'9 + 3 )  
0 0 2 3 0  3 F O R M A ~ ' ( ~ X ~ S ~ F ~ X ~ I ~ Y ~ X I I ~ F ~ X I I ~ ! )  
0 0 2 4 0  4 F'(:lKMA'T (AX r SF9 + 1 )  
0 0 2 5 9  5 F'nHMA'l' ( A X  r 5F'9 1 ) 
r'102h0 6 FC!RMA'l'( 6 X  Y 4FY + 3 
Q(>z7{) 95  A=:(?,+ 1, 
1:!021:10 NNM:CN=~NMIN+NNMI:N 
( )0290  :;')-')-..'l"y+r .J'T ".  1 
I:'03OO !ii'l'RI. z T A 1  +ST41  
<)03:(() ! ~ ' ~ A ~ z : T A ~ . + S ' T A ~  
( ) ( ,32 ( )  Sr:'YR:=F:'YR+SPYR 
C}()33() 8'1'7'2=:7"1'2+.S'T'T2 
0 0 3 4 0  :CF:' (NDAY.GE+59+ANDtSEA+L.'T'+1+AND.SI.l+l-'T. 1 + A N D + S B E + L T +  1tANDeX2. 
00350.t.ECJt 1. ) 8 4  r 85 
003h0 €15 t i -0  + 
0 0 3 7 0  G=0 . 
003E10 GO T 0  Y:l. 
O!?JYO 8 4  I j z G f d +  
i,0400 I:F (A.NEt(3) GC) TO 2 0 0  
004:I.O S'r'l'l-'T'l'+!STTl. 
0 0 4 2 0  1:F (G + E[:4 * 2 0  1 1 GO 'TO 8 6  
00430 G(:) TO Y 
0 0 4 4 0  136 A'TT=ST'l'%/G 
0 0 4 5 0  H=::ti+ 1 + 
0 0 4 6 0  .'i:F' ( M  eGEi I 2  + GO TO 8 7  
0 0 4 7 0  I:4I.-I::I='VtA'I"T 
004130 'TTl=:ATT 
00470 C i = O +  
i:)0500 A:=(). 
0053.0 ! . ; ' l T 1 ~ 0 t  
0 0 5 2 0  c;(:) '1.0 Y 
00530 87 C42=CPUtATT 
0 0 5 4 0  'I"l'2zATT 
00:'150 lJ.r=::(:41-.n2 
00:,y60 '1"l'~::. ( ' rT1.t . r . rZ) 12. 
00570 88 F:'CIRMAT ( h X r 1 2 r 1 . X r I 2 r r J X r F : ' 6 t ~ ? r 5 X r F I O + l )  
005F.10 fl'R:CNT 88 r NDAY r NHOllR r 'I'T.1' r (IT 
00590 WRJ:'T'E ( 3 F 08 NUAY r NtiOUt? F TTT r QT 
1:) () 6 0 () 'T"V 1 =: T T 2 
00b.l.O QI::::Q2 
00620  s'r'r:l.=:o , 
0 6 d-, 3 0 (; :::: 0 , 
0 0 6 4 !i A .= 0 
0Oh:';O GO 'r(3 (9 
00 6 6 0 '7 1 :I: F ( S B A (3 '1' + :I. + j G C l  'I" Q I. I 
CiObTO IF' (SBA + 1.J" :I. + ) Ab::=O , 
00680 12 :CF (SU+G'T'+:I.+ (:iCl 'T'Cl 1.3 
00640 I:F: ( SIS , I.:r + I. + ) A(::=O , 
007'00 3.4 SF' (!;;]E~I.::,C;T, I . ,  (30 'T'CI 1.5 
o 0 1. o I: F' ( !; n 1: + I... .r + I. + 1 (h I:I 7~ (1 + 
00720 l h  ]:I.:' (A+(:.ilfl:,20,? (:+(:I '1.C) 10 
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CALCULATION I 1  
CALCULATION OF THE THERMAL ENERGY GAINED FROM 
SOURCES OTHER THAN THE STORAGE TANK 
The thermal energy gained by So la r  H a b i t a t  I f rom e l e c t r i c i t y  d i s s i p a t e d  
through app l iances  and l a b o r a t o r y  equipment, QE, was es t imated  by f i n d i n g  t h e  
d i f f e r e n c e  between t h e  average d a i  l y  e l e c t r i c a l  consumption and t h e  amount o f  
e l e c t r i c i t y  used as s h a f t  work. From the  k i l o w a t t - h o u r  meter data, t h e  aver-  
age e l e c t r i c a l  consumption r a t e  was es t imated  t o  be 40 kwh/day o r  136520 
BTU/day. O f  t h i s  d a i l y  e l e c t r i c a l  energy use i t  i s  est imated t h a t  62730 
BTUlday i s  s h a f t  work (16) .  An exp lana t i on  of t h e  energy used and t h e  s h a f t  
work by s p e c i f i c  appl iances and equipment i s  summarized i n  Table 15. 
The amount o f  thermal  energy gained by So la r  H a b i t a t  I due t o  hea t  l o s s  
f rom t h e  two r e s i d e n t s  l i v i n g  i n  So la r  H a b i t a t  I, QH, was es t imated  by assuming 
the  people were p resent  f o u r t e e n  hours lday and added thermal energy t o  So la r  
H a b i t a t  I a t  a r a t e  o f  370 BTU/hr per  person (16) .  Thus, on a  d a i l y  bas i s  
i t  i s  es t imated  t h a t  t h e  thermal energy gained f rom t h e  res iden ts  o f  So la r  
H a b i t a t  I was 10360 BTU/day. 
Another source o f  thermal energy was t h e  gas stove. It was est imated 
t h a t  t h e  s tove  was i n  o p e r a t i o n  1  1/2 hr /day and re leased thermal energy a t  
a  r a t e  of 4500 BTU/hr o r  6750 BTU/day (16) .  
Thermal energy was a l s o  added t o  S o l a r  H a b i t a t  I con t i nuous l y  f rom t h e  
h o t  water  heater ,  QHW. For  t h i s  ana l ys i s ,  i t  was assumed t h e  i n s i d e  water  
temperature was 140°F, t h e  ambient a i r  temperature was 65"F, and t h e  o v e r a l l  
heat  t r a n s f e r  c o e f f i c i e n t  was . I713  B ~ u / h r f t ~ ~ ~ .  The o v e r a l l  hea t  t r a n s f e r  
c o e f f i c i e n t  was es t i l i la ted from t h e  c a p a c i t y  and dinlensions of t h e  s t .orage 
t ank  ( 2 0 ) .  From t h e  above inf 'ornia t ion and t h e  nleasured s u r f a c e  a r e a  o f  t h e  
2 
s t o r a g e  t ank  (31.62 f t  ) i t  was e s t i m a t e d  t h e  s t o r a g e  t ank  r e l e a s e d  energy t o  
S o l a r  H a b i t a t  I a t  a r a t e  o f  379 BPU/hr o r  9100 BTUlday. Summing t h e  v a l u e s  
of Q E ,  QST, Q H ,  and QHW i t  i s  e s t i m a t e d  t h a t  t h e r e  a r e  100,000 BTU/day of 
thermal energy  added t o  S o l a r  H a b i t a t  I from s o u r c e s  o t h e r  than  t h e  s t o r a g e  
t a n k .  
For t h e  a c u t a l  t e s t i n g  o f  S o l a r  H a b i t a t  I ,  t h e r e  were two o t h e r  s o u r c e s  
o f  thermal  energy which have n o t  been d i s c u s s e d  p r e v i o u s l y .  They i n c l u d e  t h e  
energy used by t h e  ho t  a i r  h e a t e r ,  QHA,  f o r  t h e  p i l o t  l i g h t  and t h e  e l e c t r i -  
c a l  energy d i s s i p a t e d  i n  a v o l t a g e  c o n t r o l l e r ,  Q V C ,  which decreased  t h e  l i n e  
v o l t a g e  t o  a l e v e l  which was compat ib le  wi th  t h e  immersion h e a t e r s .  I t  was 
e s t i m a t e d  t h a t  from February 17 a t  2:00 p.m. u n t i l  February 28,  1977 a t  
5:00 p.m. t h e  h o t  a i r  h e a t e r  added thermal  energy  t o  S o l a r  H a b i t a t  I a t  a 
r a t e  o f  1130 BTU/hr o r  27120 BTUlday and t h e  v o l t a g e  c o n t r o l l e r  added thermal  
energy t o  S o l a r  H a b i t a t  I from February 17 a t  2:00 p.m. u n t i l  February 27, 
1977 a t  8 :00  p.m. a t  a r a t e  of .8 kw o r  2730 BTU/hr o r  65520 BTU/day. Table  
I 6  summarizes t h e  t o t a l  thermal  energy  used ( a C ,  QT,  Q E ,  Q H W ,  QST, Q V C ,  and 
QHA) t o  supp ly  t h e  h e a t i n g  l o a d  of S o l a r  H a b i t a t  I f o r  v a r i o u s  wea ther  cond i -  
t i o n s .  
TABLE I 5  
THERMAL ENERGY ADDED TO SOLAR HABITAT I FROM APPLIANCES AND EQUIPMENT 
Appl i ance o r  
equipment d e s c r i p t i o n  
1 HP. pump used c o n t i  - 
nuously t o  s t i r  s torage 
tank - 115 V, 13 A 
V e n t i l a t i o n  f an  - 
1/8 HP, 115 V, 2 A 
Bedroom baseboard 
convector pump - 
1/8 HP, 115 V, 3 A 
L i v i n g  area baseboard 
convector pump - 
1/12 HP, 115 V,  2.4 A 
Other appl iances used: 
fan on recorders and 
te le types ,  h a i  r d r ye r ,  
r e f r i g e r a t o r ,  mixers,  
d r i l l s ,  saws, e t c .  
E l e c t r i c a l  energy Est imated s h a f t  Time i n  D a i l y  s h a f t  
needed t o  work - BTU/hr ope ra t i on  - h r  work - BTU/day 
operate - BTU/hr 
est imated 
6800 
To ta l  
62730 BTU/day o f  
the  t o t a l  e l e c t r i -  
c i t y  supp l ied  i s  
s h a f t  work. 
TABLE I 6  
TOTAL THERMAL ENERGY SUPPLIED TO SOLAR HABITAT I 
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Colurnn t h r e e  - thermal energy s u p p l i e d  t o  S o l a r  H a b i t a t  I f rom a l l  
sources o f  energy (6 T. icy QHN, QH, Q s T *  Q E *  QHA, 
and QyC) - BTUlday 
Column f o u r  - average d a i l y  ambient a i r  temperature - O F  
Column f i v e  - t o t a l  d a i l y  s o l a r  i n s o l a t i o n  r a t e  on a sou th  f a c i n g  
v e r t i c a l  s u r f a c e  - BTU/hr f t  2  
Column s i x  - average d a i l y  temperature o f  t h e  2000 g a l l o n  s t o rage  
tank  - "F 
A P P E N D I X  J 
INFILTRATION RATE INFORMATION 
The t o t a l  i n f i l t r a t i o n  r a t e  i s  comprised o f  i n f i l t r a t i o n  due t o  n a t u r a l  
convec t ion  and i n f i l t r a t i o n  due t o  t h e  v e n t i l a t i o n  system i n s t a l l e d  i n  
t h e  basement of S o l a r  H a b i t a t  I. Only t h e  i n f i l t r a t i o n  r a t e  due t o  t h e  
v e n t i l a t i o n  system was e x p e r i m e n t a l l y  measured. T h i s  was done by  o b t a i n i n g  
a  v e l o c i t y  p r o f i l e  a t  t h e  e x i t  o f  t he  exhaust duc t  o f  the  v e n t i l a t i o n  sys- 
ten). The wind v e l o c i t y  was measured a t  t w e n t y - f i v e  l o c a t i o n s  i n  9 i n c h  by 
4 1 /2 i nch  exhaust d u c t  by an e l e c t r o n i c  manometer. F i gu re  J1 shows t h e  
data ob ta ined .  From t h i s  data t h e  average p ressure  ( inches  o f  wa te r )  was 
ob ta ined  and the  es t imated  average v e l o c i t y  c a l c u l a t e d  b y  t h e  f o l l o w i n g  
equat ion  (22)  
where 
= Dens i ty  o f  a i r  = .075348 #m/ f t  3  pa 
P = Dens i ty  o f  water  = 62.37 #m/ f t  3  
= G r a v i t a t i o n a l  cons tan t  = 32.2 f t l s e c  2  gc 
h  = He igh t  o f  water  = 1.5 x  f t  o f  water  
Vd = Average v e l o c i t y  a t  t h e  e x i t  o f  t h e  v e n t i l a t i o n  duc t  = 
2.826 f t l s e c  
By knowing t h e  va lue o f  V d  t h e  vo lume t r i c  f l o w  r a t e  can be c a l c u l a t e d  
3  (2848 f t  I h r ) ,  f rom which t h e  i n f i l t r a t i o n  r a t e  due t o  t h e  v e n t i l a t i o n  sys- 





= Surface area o f  the  b o t t o n ~  o f  the  storage tank - f t  2 
A = Aperture area o f  t he  c o l l e c t o r  a r ray  - f t  2 
C 
A E = Surface area o f  t he  east  w a l l  o f  the  storage tank - ft2 
A~ 
= Surface area o f  the  no r th  w a l l  o f  t he  storage tank - ft2 
As 
= Surface area o f  the  storage tank - ft2 
As = Surface area of the south w a l l  o f  the  storage tank - ft2 
AT = Surface area o f  the  top  of t he  storage tank - ft2 
A w = Surface area of the west w a l l  o f  the  storage tank - ft2 
A I 
2 
= Experimental average d a i l y  s o l a r  i ns  l a t i o n  r a t e  - BTU/ft day 
C = S p e c i f i c  heat of water - BTU/#m°F 
C~ = - [ ( u ~ A ~  + U I P W  + UNAN + 'JTAT) Ta + UBAsTb + UcjASTg] = 
constant - BTU/hr 
' h a  
= constant which describes t h e  heat l o s s  through t h e  doors, wa l ls ,  
windows, c e i l i n g ,  and f l o o r  of So lar  Hab i ta t  I - BTUI°F day 
i = Experimental constant which describes the heat  l o s t  from 
Solar  Hab i ta t  I due t o  i n f i l t r a t i o n  - BTUI0F day 
'mi n 
= Smaller o f  the  mpcp and k magnitudes - BTU/hr°F 
P 
= Spec i f i c  heat  of the  propylene-glycol-water m ix tu re  - BTU/#m°F 
Cs 
- Experimental constant  which describes t h e  heat ing  load o f  So lar  
Hab i ta t  I for  an average d a i l y  s o l a r  i n s o l a t i o n  r a t e  - 
BTU/"F day 
CW 
= Experimental constant  which describes the  heat  gain through 
the  windows of Solar  Hab i ta t  1 due t o  s o l a r  i n s o l a t i o n -  BTU/ O F  day 
B T U / ~ ~ ~  day 
Col l e c t o r  e f f ic ie11c.y  1'n(: tot- ' lctu<\ I U S t ? f ~ l l  crlc.tYJy i:o1 l t.c.t.c.cl 
usGf u l .  erlerciv GI l - i l c t~ .b -  i f the 
e n t i r e  c o l l  ;:tor su r f ace  were a t  
t he  average f 1 u i  d ten lperaturc  
S o l a r  i n s o l a t i o n  a v a i l a b l e  on a south f a c i n g  v e r t i c a l  su r f ace  - 
Length o f  t h e  bedroom, k i t chen ,  and bathroom convectors  - f t  
Length o f  t h e  1 i v i n g  area convectors  - f t  
Length o f  t h e  basement convectors  - f t  
Flow r a t e  o f  wa te r  through t h e  hea t  exchanger on t h e  tank s i d e  
( t ube  s i d e )  - gpm 
Flow r a t e  through a l l  convec to r  loops - gpm 
Flow r a t e  o f  t h e  p ropy lene-g lyco l -wate r  m i x t u r e  through t h e  
c o l l e c t o r  - gpm 
Rate o f  hea t  t r a n s f e r  f rom t h e  bedroom convec to r  l o o p  t o  S o l a r  
H a b i t a t  I per  l i n e a r  f o o t  o f  convec to r  - BTU/h r f t  
Rate o f  hea t  t r a n s f e r  f r om t h e  l i v i n g  a rea  convec to r  l oop  t o  
So la r  H a i b t a t  I p e r  l i n e a r  f o o t  o f  convec to r  - BTUIh r f t  
Rate o f  hea t  t r a n s f e r  f r om t h e  basement convectors  t o  S o l a r  
H a b i t a t  I per  l i n e a r  f o o t  o f  convec to r  - BTU/hr f t  
Amount o f  thermal energy supp l i ed  t o  S o l a r  H a b i t a t  I f rom t h e  
a u x i l i a r y  h e a t i n g  system - BTU/day 
Thermal energy s u p p l i e d  t o  S o l a r  H a b i t a t  I f rom t h e  baseboard 
convectors  - BTU/day 
Amount o f  energy s u p p l i e d  t o  S o l a r  H a b i t a t  I per  hour  by means 
o f  t h e  baseboard convec to r  - BTU/hr 
Thermal energy added t o  S o l a r  H a b i t a t  I f rom d i s s i p a t i n g  
- Qss - 
e l e c t r i c i t y  through appl iances - BTU/day 
Thermal energy gained t o  Solar  Hab i ta t  I from human h a b i t a t i o n  - 
BTU/day 
Heat losses from So lar  H a b i t a t  I through wa l ls ,  windows, doors, 
r o o f  and f l o o r  - BTU/day 
Thermal energy l o s t  from the  domestic ho t  water system t o  So lar  
Hab i ta t  I - BTU/day 
Rate o f  energy losses from So lar  H a b i t a t  I due t o  i n f i l t r a t i o n  - 
BTU/day 
Heating l oad  o f  So lar  H a b i t a t  I - BTU/day 
Rate a t  which thermal energy i s  supp l ied  t o  So la r  H a b i t a t  I - 
BTU/ day 
Amount o f  energy suppl ied t o  Solar  H a b i t a t  I from the  storage 
tank - BTU/day 
Thermal energy ga in  t o  So lar  H a b i t a t  I from the  d a i l y  use o f  
the gas stove - BTU/day 
Rate o f  heat  t r a n s f e r  from t h e  storage tank - BTU/hr 
Thermal energy l o s t  from the  storage tank t o  the  basement - 
BTU/day 
Rate o f  energy ga in  t o  So lar  H a b i t a t  I from s o l a r  i n s o l a t i o n  - 
BTU/day 
Time - sec, h r  
Ambient basement and main f l o o r  temperature - O F  
Average temperature o f  t he  water passing through t h e  convectors - 
" F 
Temperature o f  t h e  ground below the  tank - O F  
Te 
= Tei~lperature of the  f l u i d  a t  the e x i t  o f  the c o l l e c t o r  - OF 
Te 1 = E x i t  te~i iperature fro111 the bedroom convectors - OF 
Te 2 = E x i t  temperature from the  l i v i n g  area convectors - OF 
Te3 = E x i t  temperature from the  basement convectors - OF 
Tg 
= Average temperature o f  t h e  ground on the  south w a l l  o f  the  
storage tank which i s  assumed t o  be 
( average ambient temperature + 55°F 2 ) - OF 
Ti = Temperature o f  t he  f l u i d  a t  t h e  i n l e t  t o  t h e  c o l l e c t o r  - OF 
Ti = I n l e t  temperature t o  the  bedroom convectors - OF 
I n l e t  temperature t o  t h e  l i v i n g  area convectors - OF 
I n l e t  temperature t o  the  basement convectors - OF 
Outside ambient temperature - OF 
Average d a i l y  ambient a i r  temperature - OF 
Temperature o f  t h e  water  i n  the  storage tank - OF 
Experimental value f o r  the  average d a i l y  temperature a t  which 
the re  i s  a demand f o r  thermal energy from the  storage tank - OF 
Overal l  heat t r a n s f e r  c o e f f i c i e n t  o f  t he  bottom o f  t he  
storage tank - B T u / h r f t z 0 ~  
uc = Overal l  heat t rans fe r  c o e f f i c i e n t  f o r  baseboard convector  - 
~ T u / h r f t ' ~ ~  
ucc = Overa l l  heat  t r a n s f e r  c o e f f i c i e n t  throughout t h e  s o l a r  c o l l e c t o r  
2 cover system - BTU/hrf t  OF 
E = Overa l l  heat  t r a n s f e r  c o e f f i c i e n t  o f  t he  east  w a l l  o f  the  
storage tank - ~ T ~ l h r f t ~ ~  
U = Overa l l  heat t r a n s f e r  c o e f f i c i e n t  from the  c o l  l e c t o r  absorber 
1 
2 p l a t e  t o  the  ambient a i r  - B'rU/hrf t  OF 
U~ = Overal l  heat  t rans fe r  c o e f f i c i e n t  o f  the  no r th  w a l l  o f  the 
2 
s torage tank - BTU/hrft  OF 
"0 = Overal l  heat  t r a n s f e r  c o e f f i c i e n t  f o r  the heat  exchanger - 
B T U / ~ ~ ~ ~ ~ O F  
"s = Overal l  heat  t r a n s f e r  c o e f f i c i e n t  o f  the  south w a l l  o f  t he  
storage tank - B T U / ~ ~ ~ ~ ' O F  
2 
t = Overal l  heat t r a n s f e r  c o e f f i c i e n t  of  the tank - BTU/hrft O F  
U~ = Overal l  heat t r a n s f e r  c o e f f i c i e n t  o f  the  top  o f  t he  
2 storage tank - BTU/hrft  OF 
Uw = Overal l  heat t r a n s f e r  c o e f f i c i e n t  o f  the  west wa l l  of t he  storage 
tank - ~ ~ u / h r f t ~ ' ~  
V = Volume o f  water i n  the  storage tank - ft3 
KT = Logar i thmic mean o v e r a l l  temperature d i f fe rence between t h e  
convector f l u i d  and t h e  i n s i d e  ambient a i r  temperature - OF 
"c 
= Temperature d i f f e r e n c e  between the  convector f l u i d  temperature 
and the  ambient a i r  temperature - OF 
E = Ef fect iveness o f  t h e  heat  exchanger 
P = Density o f  water #m/ f t3  
r\ 
- actua l  usefu l  energy c o l l e c t e d  
= E f f i c i e n c y  o f  the  c o l l e c t o r  - 
s o l a r  energy i n te rcep ted  by the' % 
c o l  l e c t o r  
( ~ a ) ,  = E f f e c t i v e  t ransmit tance - absorptance product 
